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In the present thesis the following abbreviations are used:
Symbols
α - partition coefficient of AN [-]
β - partition coefficient of Ac2O [-]
γ - partition coefficient of pMA [-]
δ - partition coefficient of AcOH [-]
 - dielectric constant [-]
η - dynamic viscosity [mPa s]
ν - kinematic viscosity [mm2 s−1]
ρ - density [g mL−1]
τ - residence time [h]
τ1/2 - catalyst halflife [h]
Abbreviations
a - year
A - interfacial area [m2]
A, B, C, D - components of general reaction
AN - anisole
Ac2O - acetic anhydride
AcOH - acetic acid
ATR - attenuated total reflectance
a.u. - arbitrary units
b - parameter in the equation describing η as function of x [-]
BASIL - biphasic acid scavenging with Ionic Liquids
BF4
− - tetrafluoroborate-anion
BMBF - Bundesministerium fu¨r Bildung und Forschung
[BMIm]+ - [1-Butyl-3-methylimidazolium]-cation
[BMPyr]+ - [1-Butyl-4-methylpyridinium]-cation
Bn2O - benzoic anhydride
BTS - Bayer Technology Services
c - concentration [mol L−1]
ChirAmAl - BMBF project (synthesis of chiral amines and alcohols)
COSMO - conductor-like screening model
COSMO-RS - conductor-like screening model for real solvents
CSTR - continuous stirred tank reactor
d - path length (in UV-VIS spectroscopy) [cm]
D - diffusion coefficient [m2 s−1]
DMF - dimethylformamide
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DMSO - dimethyl sulfoxide
dx - distance [m]
e - extinction coefficient [L mol−1 cm−1]
E - absorbance [-]
EA - molar activation energy [J mol
−1]
ENT - polarity parameter based on pyridinium N-phenolate betaine dye [kcal mol
−1]
ET (30) - normalised E
N
T (with respect to water and trimethylsilane) [-]
[EMIm]+ - [1-Ethyl-3-methylimidazolium]-cation
EOS - equation of state
EtOAc - ethyl acetate
EtSO4
− - ethylsulfate-anion
E, F - parameters of the Vogel-Fulcher-Tamann equation [mPa s], [K]
FC-Ac - Friedel-Crafts acylation
FEP - fluorinated ethylene propylene copolymer
GC - gas chromatography
h - Planck constant (= 6.62608 · 10−34 J s)
∆H - molar enthalpy difference [kJ mol−1]
HA - Hatta number [-]
ID - inner diameter [mm]
IL - Ionic Liquid
iMPULSE - Integrated Multi-Scale Process Units with Locally Structured Elements,
EC project
IR - infrared (spectroscopy)
ITMC - Institut fu¨r Technische und Makromolekulare Chemie
J - molar flux [mol m−2 h−1]
k - pseudo first order reaction rate constant [h−1]
kB - Boltzmann constant [J K
−1]
kI - inhibition constant [L mol
−1]
kX - mass transfer coefficient of solute X [cm s
−1]
kR - reaction rate constant (unit depending on reaction order)
L - length [m]
Ln - lanthanide
M - metal
Mi - molecular weight of component i
min - minute(s)
MTBE - methyl tertiary butyl ether
n - molar amount [mol]
n.a. - not available
n.d. - not determined
NMR - nuclear magnetic resonance
NTf2
− - bis(trifluoromethanesulfonyl)imide-anion
[O3MN]
+ - [Trioctyl-methylammonium]-cation
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org - organic
OTf− - triflate, trifluoromethanesulfonate-anion
p1,2 - fitting parameter of the hyperbolic absorption-concentration fit [-], [mol L
−1]
PEEK - Poly(etherether ketone)
pMA - para-Methoxyacetophenone
ppm - parts per million
R - ideal gas constant (= 8.3145 J K−1 mol−1)
R&D - research and development
Re - Reynolds number [-]
rpm - rounds per minute
RT - retention time [min]
RTIL - room temperature ionic liquid
∆S - molar entropy difference [J mol−1]
scCO2 - supercritical carbon dioxide
STY - space-time yield [mol L−1 h−1]
t - time [h]
T - temperature [K]
THF - tetrahydrofurane
TOF - turnover frequency (nproduct per ncatalyst and time) [h
−1]
TON - turnover number (nproduct per ncatalyst) [-]
TTN - total turnover number (maximum of TON) [-]
TU - Technical University
UNIFAC - Universal quasichemical Functional group Activity
UNIQUAC - Universal quasichemical
UV-VIS - ultraviolet - visible
vmax - maximum flow velocity in a tubular reactor, Hagen Poiseuille equation [m s
−1]
V - volume [L]
V˙ - volume flow rate [L h−1]
x - molar fraction [-]
X - conversion [-]
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1 Aims and objectives of the present
work
Biphasic liquid-liquid systems with homogeneously catalysed reactions are important
means for chemical production processes and offer the possibility of an integrated sep-
aration of the products from the catalyst. A continuous operation allows the use for
commercial scale production of various products (see chapter 2.2). For a successful use
of this approach, the reaction systems have to be understood in detail. Thus, a tailoring
of the overall process is possible.
Biphasic reaction systems are complex since they incorporate many single steps and
processes occurring simultaneously. Among those are the chemical reaction itself, mass
transport (between the single liquid phases and inside the liquid phases) as well as
the physical processes taking place in the reaction apparatus (convection by pumping,
mixing, stirring, dosing etc.). All these single processes have to be characterised in
order to gain a complete understanding of the process and to be able to predict the
performance.
The aim of the present work is to develop a continuously operated setup for ho-
mogeneously catalysed reactions in the systems organic solvent-IL (see Figure 1.1).
As ’simple’ model reaction, the Friedel-Crafts acylation (FC-Ac) of anisole (AN) with
acetic anhydride (Ac2O) was chosen. As shown in Figure 1.1, the development of a con-
tinuous process includes several steps. In this thesis it was tried to obtain a complete
characterisation of the reaction system by carrying out all of these steps.
1. determination of the thermodynamic properties
2. determination of the kinetic parameters
3. batch experiments in the biphasic reaction system
4. experiments in a continuously operated system under biphasic conditions
5. optimisation of the continuous system
Concerning 1.
The thermodynamic properties are mainly governed by the partition behaviour as
well as the solubilites in the present systems. Therefore the partition coefficients of
AN, Ac2O, pMA and AcOH were to be measured using GC analysis for various com-
binations of IL and organic solvent. For a minimisation of the experimental effort, the
16
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Figure 1.1: Schematic overview of the common approach for the investigation
and optimisation of biphasic reactions
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partition coefficients were only measured at concentrations similar to those present in
the reaction system.
Concerning 2.
For a characterisation of the reaction kinetics, the kinetic parameters had to be
investigated. The reactions orders with respect to AN, Ac2O, the catalyst and the
products were to be determined. In addition, the activation parameters (activation
energy, activation entropy, free reaction enthalpy) had to be measured. Finally, the
influence of IL was to be characterised by use different anions and cations and by
investigation of the reaction performance with different IL concentrations. Thus the
interactions between catalyst and solvent in these special solvent systems were to be
quantified. All these studies were performed in monophasic systems to eliminate the
influence of mass transport on the overall reaction rate. As analytical methods, UV-VIS
spectroscopy on a multiplate reader was chosen since it allows a fast inline monitoring
of the reaction.
In addition to the reaction kinetics, the kinetics of the mass transport process were to
be characterised. Here, mass transport in stirred and unstirred biphasic systems had to
be characterised. As analytical method, inline UV-VIS and offline NMR spectroscopy
were chosen.
Concerning 3.
Similar to the kinetic measurements mentioned in 2., biphasic reactions had to be
carried out for a first test of the applicability of biphasic systems for this model reaction.
The main objective was to perform a feasibility study and to determine whether signifi-
cant differences are found compared to the monophasic reaction performance. Moreover
a first estimation of the influence of mass transfer was to be obtained.
Concerning 4.
After having characterised the three single components (partition - mass transfer -
reaction), a continuous biphasic reaction system was to be developed allowing the mon-
itoring and first characterisation of the model reaction in a continuous flow experiment.
Here, the main influencing parameters (e.g. concentrations, flow rates, mixing) were to
be identified and optimised. The objective parameters were the productivity (as Space-
Time-Yield, STY), activity (as Turnover Frequency, TOF) as well as the stability of
the catalyst system (as catalyst halflife τ1/2).
Concerning 5.
As the last step of the optimisation process and as additional tool to achieve a better
understanding of the reaction system, a simulation was to be developed. To do so, a
simulation based on characteristic parameters obtained from the results of the other
parts (partition coefficients, rate constants, reaction orders and mass transfer coeffi-
cients) is to be established. With such a tool the prediction of the steady-state reaction
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performance for different solvent combinations and reaction conditions (concentrations,
flow rates, volumes, temperature etc.) should be possible.
In summary, an example for a complete description and optimisation of a contin-
uously performed model reaction in the biphasic system IL - organic solvent was to
be demonstrated in the presented work. In principle, the results should be applicable
to any reaction as far as the characteristic parameters (see above) are available. This
would allow a first feasibility study to be performed without the need for setting up the
continuous process.
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2.1 Ionic Liquids
2.1.1 Structural properties of Ionic Liquids
Ionic Liquids (IL) are salts that are liquid at temperatures below 373 K. Among them,
room-temperature IL (RT-IL) have been mentioned in literature since the early 1990’s
[10; 129]. IL are a new class of solvents which have shown a large potential in the fields
of homogeneous catalysis, biphasic catalysis and catalyst immobilisation, extraction, as
additive (e.g. in electrochemical processes) [70] and as cooling liquid [123].
IL incorporate bulky organic cations like imidazolium, pyridinium or ammonium (see
Figure 2.1). More recently developed IL are based on the phosphonium or the sulfonium
cation. These structures show relatively weak anion-cation-interactions and therefore
low melting points. In all cases, different organic rests (mostly C1 to C6, sometimes
even longer) can be introduced into the cationic structures. This leads to a huge variety
of possible cationic structures.
Common anions are simple halides (predominantly Cl− and Br−), inorganic or organic
anions (e.g. sulfate, alkylsulfate, sulfonate, formiate, acetate) or fluorinated anions (e.g.
BF4, PF6, triflate, bistriflylimide, see Figure 2.1). The synthesis is straightforward in
most cases and consists of two steps [10].
• alkylation of a nucleophile with alkylhalide (+ additional base)
• anion metathesis with the desired anion, mostly in aqueous solution
Since the properties of the resulting IL are strongly dependent on their purity (espe-
cially residues of halides and water), later studies dealt with the halide-free synthesis
of IL with alkylsulfates instead of alkylhalides [42]. During the exothermic alkylation
reactions, an accurate temperature control is essential in order to minimise the content
of impurities. Thus, halide-free IL are accessible via simple synthetic routes.
2.1.2 Physical and bulk properties of Ionic Liquids
IL have some special properties that make them interesting for the application as sol-
vents. IL are rather polar solvents with dielectric constants between 5 and 30. This
corresponds to the polarities of common organic solvents like methanol or dioxane. A
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Figure 2.1: Basic structures of cations and anions incorporated in common IL
more detailed description of the polarity of solvents can be achieved by investigating
the molecular interactions with solvatochromic polarity indicators. Prominent examples
are betaine dyes introduced by Reichardt in the late 1970’s [90]. By now, such data for
many different IL of different structures are available. These studies show that IL are
polar solvents with molecular interactions comparable to ethanol or methanol [92; 128].
The polarity is not as high as for other salts due to the large unpolar side chains and
the rather unpolar perfluorinates anions. However, their polarity is sufficient in many
cases to provide good solubility of metal salts. This is beneficial for the immobilisation
of homogeneous catalysts in such solvents and allows the use of IL in biphasic reactions.
The variation of the alkyl chain length and of the anion allows a tailoring of the polarity.
Another unique property is the negligible vapour pressure of most IL (e.g. 10−8 to
10−7 bar for [RMIm]NTf2 at 500 K) [128]. IL can only be distilled under very drastic
conditions (> 800 K at ambient pressure). In principle, this property makes IL inter-
esting for biphasic reactions, since the separation of products from the solvent is very
simple in this case. Moreover, most IL show a high stability and can be handled even
under oxygen atmosphere and high temperatures > 600 K.
One main drawback of IL in terms of application in biphasic catalysis is their viscosity.
IL are fluids with high viscosities compared to common organic solvents [128]. The first
IL discovered in the late 1990’ties showed very high viscosities of more than 100 mPa s
([BMIm]BF4: 104 mPa s, [BMIm]PF6: 352 mPa s), whereas more recent studies show
that the synthesis of low viscosity IL is also possible. The anion has a strong impact
on the liquid viscosity. For example, the NTf2
− anion is suitable for IL with a lower
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Figure 2.2: Dependence of the dynamic viscosity of [EMIm]NTf2 and
[BMIm]BF4 on the temperature [113; 114]
viscosity ([EMIm]NTf2: 35 mPa s). The lowest viscosities up to now were obtained
with the N(CN)2
− anion ([EMIm]N(CN)2: 21 mPa s), but still these viscosities are
much higher than those of common organic solvents. This is disadvantageous for mass
transport and mixing in these systems.
The temperature dependence of the viscosity of IL can be described by the Vogel-
Fulcher-Tammann equation. IL behave similar to other phases that are close to their
melting temperature. The Vogel-Fulcher-Tammann equation was developed in the
1920’s for the description of the temperature dependence of the viscosity of glasses
[34]. Here, the characteristic constants E, F and To (ideal glass temperature; 30-60 K
below the calorimetric glass temperature) are introduced (see (2.1)) [50; 49; 128].
η = E e
F
(T−T0) (2.1)
A typical plot η versus T for [EMIm]NTf2 is shown in Figure 2.2 [113; 114].
A dependence of the viscosity on the composition is observed for IL-solvent mixtures.
This is similar to the dependence of viscosity on the content of impurities (water, halides
etc.) [101]. First studies concerning the physical properties of IL - solvent mixtures
were carried out by Comminges et al. for [BMIm]BF4 and by Zafarani-Moattar et
al. for [BMIm]PF6 for different organic solvents (DMF, THF, methanol, DMSO and
acetonitrile) [19; 134]. Similar measurements were carried out by Tomida et al. for
[BMIm]PF6 / CO2 mixtures [115]. In all cases an exponential decrease of the dynamic
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Figure 2.3: Dependence of the dynamic viscosity of [BMIm]PF6 mixtures with
various additives on the molar composition [19; 134; 115]
viscosity with increasing molar fraction of the additive was observed (see Figure 2.3).
This can be beneficial for the mass transport properties of the liquid phase leading
to higher diffusion coefficients when using IL-solvent mixtures or biphasic systems. In
many cases, the solubilty of organic solvents or CO2 in IL is significant, especially
when solvents with higher polarities are used. The use of CO2 is very interesting since
large amounts of CO2 can be dissolved by the IL leading to lower viscosities without a
significant cross contamination of the CO2 phase with the IL. The solubility of the IL
in CO2 is negligible (x[BMIm]PF6 = 3·10−7 in CO2) [132]. This is beneficial for the use
in continuous biphasic reaction systems [136]. In contrast to this, IL are soluble to a
certain extent in organic solvents [28].
The dependence of the dynamic viscosity of IL solvent mixtures can be described
by equation (2.2). This equation is valid for low values of x. For higher values (high
dilutions of IL) a deviation is observed since the viscosity of the pure solvent is not
incorporated in the model.
ln η = ln ηIL − b xsolvent (2.2)
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2.1.3 Application of Ionic Liquids
IL can be used in multiphase catalysis, extraction, as additive in electrochemical pro-
cesses, dissolution of cellulose, stabilisation of nanoparticles and various other fields
[70; 124]. Especially the field of multiphase catalysis shows a strong impact of ac-
tual trends in IL technology. Many potential reaction systems have been investigated
with regard to catalyst immobilisation and continuous extraction with a stationary cat-
alyst phase. Examples of reactions that could be successfully carried out in IL are
Friedel-Crafts reactions, hydrogenations, hydroformylations, oxidations, isomerisations
and dimerisations, just to name a few [124; 129]. In some cases, even the IL itself
showed a significant catalytic activity, e.g. in the case of tetrachloroaluminate melts for
Friedel-Crafts reactions. However, industrial applications of IL are rare to date. One
prominent example is the BASIL process (Biphasic Acid Scavenging with Ionic Liquid),
in which an IL is a byproduct. One acidic product of the main reaction is scavenged by
1-alkylimidazole forming an IL as a second phase. Thus equilibrium is shifted towards
the product side. One process is known in which olefins are alkylated with isobutane
in an IL as solvent [124]. Further large scale processes with IL as solvents or reaction
media are not known up to now.
Beside the already mentioned slow mass transport due to high viscosities, further
drawbacks are the limited availability of these solvents, the high prices (> 500e per
liter) 1 as well as the lack of toxicity and degradability data. Some articles have been
published about IL toxicity and degradability, but still the information, especially from
long-term studies, is not available yet [35; 36; 37; 71; 108]. On the other hand, a tailoring
of these solvents is possible. First studies showed, that the biodegradability of IL can
be increased by introducing acidic or alcohol functions [37]. However, still much work
has to be done until the complete potential of IL can be used in industrial applications.
2.2 Biphasic systems
2.2.1 Thermodynamic properties of biphasic systems
Biphasic systems are systems, in which two phases are coexistent. Beside common
biphasic systems consisting of a liquid and its vapour, two liquid phases can coexist if
they show a miscibility gap. In this case, two (or more) liquid phases are formed which
cannot be mixed [93]. Prominent examples for systems showing this behaviour are
water-oil, water-organic solvent and organic solvent-organic solvent. The composition
of both phases in the thermodynamic equilibrium is a function of temperature and
pressure. In a common mixture of liquid I and liquid II, one I -rich phase and one II -
rich phase form. In both phases the bulk properties of the single phases depend on the
molar fraction of the two components. The equilibrium composition can be described
1e.g. IoliTec price list 2009, www.Iolitec.de
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mathematically by EOS (equations of state) or by so called GE models introducing
partial molar quantities (enthalpy, entropy etc.). As prominent examples, the UNIFAC
or UNIQUAC models can be mentioned [88].
When a third component is added to a binary mixture of two liquids, the solute
distributes between the two phases. The distribution depends on the interactions of the
solute species with the two solvents and can be quantified by the partition coefficient.
It is defined as follows (2.3):
α =
cA,phaseI
cA,phaseII
(2.3)
The partition coefficient is dependent on temperature and pressure, but also on the
molar composition of the mixture, the polarities (of both phases and the solute molecule)
as well as on other specific interactions (e.g. interactions of the pi electron system of the
aromatic rings, hydrogen bonding, acidic or basic interactions). In order to gain infor-
mation about the partition behaviour of solutes, one has to measure the concentrations
like described by Pfennig [88]. The measurement is very sensitive towards perturbation
of the system, e.g. due to deviations in temperature or pressure as well as evaporation
of solvents. Moreover it is difficult to predict whether the system is in thermodynamic
equilibrium. This is especially the case for systems that show a strong mass transfer re-
sistance due to high viscosities of the solvents or low mobilities of the solutes. Therefore,
another method is to calculate the equilibrium partitioning. Thus information about
the equilibrium composition of such mixtures are accessible [62; 105]. One possibility
are theoretical calculations, e.g. by using COSMO-RS software for such calculations.
This method is based on a combination of a priori calculation of molecule properties
(geometries, thermodynamic properties etc.) and a characterisation of the molecular
interactions. The interactions are obtained by calculating the chemical potentials in
both phases in dependence on the activity coefficient of the solute and solvents [3; 106].
Based on this method a prediction of equilibrium partitioning is possible for simple
systems (e.g. water-organic like done by Spiess et al. [105]). The obtained values show
a good correlation with the trends obtained from measurements, although in general
the absolute values show significant errors [87].
Even more difficult is the prediction or description of partition behaviour in system
containing more than one solute. This is the case for most biphasic systems used for
catalytic reactions. In this case at least two solute species (substrate and product) are
present and the partition coefficents of these species are dependent on the concentrations
of them in both phases. Therefore, the partition will alter during a reaction if non
stationary conditions are present.
2.2.2 Mass transport properties in liquid-liquid biphasic systems
Mass transport in biphasic liquid-liquid systems can be described as a sequence of three
single steps: mass transport inside both bulk fluid phases (diffusion due to a gradient
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inside the phase) and mass transport through the interface (mass transfer). Diffusion is
a process based on the Brownian movement of molecules and leads to a net flux when
a concentration gradient is present. This can be described by the Fick equation (see
(2.4)) [93]
JA,I = −DA,I dcA,I
dx
(2.4)
introducing the molar flux of A in phase I JA,I , the concentration gradient
dcA,I
dx
and
the diffusion coefficient or diffusivity, DA,I . The diffusion coefficient is dependent on
temperature and pressure as well as on the viscosity of the bulk liquid. The most simple
description was given by Stokes and Einstein (see (2.5)).
DA,I =
RT
6piηIrA
(2.5)
with the ideal gas constant R, the dynamic viscosity of the solvent I, ηI , and the
hydrodynamic radius of the solute molecule rA. In this model an important assumption
is that the diffusing molecule A is only surrounded by the pure solvent I. This is only
valid for ideal infinite dilution. Other methods have been developed in order to find
a more accurate description of the diffusivity. One of the most prominent models is
a semi-empirical model introduced by Wilke and Chang (see (2.6)) to describe the
diffusion coefficient at infinite dilution [130].
D0A,I =
7.4 · 10−8(φMI) 12T
ηIV 0.6A
(2.6)
with the dimensionless association factor of the solvent φ, the molecular weight of
the solvent MI and the molar volume of A at its boiling temperature, VA. The vis-
cosity of the solvent is one of the most influential bulk properties of the solvents con-
cerning mass transport. Most models are based on the dependence of the diffusion
coefficient on η−1I . Typical values for self diffusion coefficients of IL molecules (see Fig-
ure 2.4) are in the range of 10−11 (for [BMIm]BF4, 290 K) [33] to 10
−10 m2s−1 (for
[EMIm]NTf2, 298 K) [114; 2]. Diffusion coefficients of solute molecules in ILs are in
the same range (4·10−12 m2s−1 for ferrocene in [BMIm]BF4, 295 K, 8·10−12 m2s−1 for
ferrocene in [BMPyr]NTf2, 295 K, ) [19]. Compared to these low values diffusion coef-
ficients in organic solvents are 100 fold higher (3.4·10−10m2s−1 for ferrocene in DMF,
295K; 1.3·10−9m2s−1 for [BMIm]BF4 in water, 303 K, see Figure 2.4) [19; 109].
As mentioned above, mass transport in biphasic systems incorporates diffusion through
the bulk and mass transfer through the interface. In case of stirred systems, the bulk
diffusion can be neglected, but still a boundary layer is present acting as a diffusion
barrier. This boundary layer diffusion is hard to be investigated. That is why in most
cases its diffusion coefficient is incorporated in a total mass transfer coefficient. Similar
to the resistor model used for the description of electrical resistances, a model for the
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Figure 2.4: Typical diffusion coefficients in various materials and states
overall mass transfer resistance between two liquid phases can be assumed (see (2.7))
[94].
1
ktotal
=
1
kI
+
1
kinterface
+
1
kII
(2.7)
The total mass transfer resistance can be described as the inverse total mass transfer
coefficient ktotal, which is dependent on the sum of the inverse transport coefficients of
phase I, kI , phase II, kII and the interface itself, kinterface. The single mass transfer
coefficients can be estimated by elimination of the mass transport resistances of the
two liquid phases by vigorous stirring. Here, an increase of stirring speed leads to
an increase of mass transfer coefficient. For high stirring speeds, constant values are
reached representing predominantly the transport coefficient through the interface (and
boundary layers of a minimum thickness which cannot be decreased further). In all
cases a total mass transfer coefficient can be used for the description of these processes.
In order to simplify the system for a mathematical description of the transport pro-
cess, the 2-film-theory can be applied. It is based on the assumption that the transport
process is reduced to the transport inside two films at the interface [75]. One major
simplification being introduced by the two film theory is that equilibrium is present at
the interface (see Figure 2.5). This can be assumed for gas - liquid systems, in which
the mass transfer resistance of the gas side film can be neglected. Thus, the transport
processes can be described by a model incorporating one liquid bulk diffusion step and
one boundary layer. These simplifications allow the calculation of the mass transfer
and reaction without measurement of the depth of the film or the concentration at the
interface. The concentration at the interface can then be calculated according to the
partition coefficient.
Still, it is not completely understood what causes the mass transport resistance of
the interface itself. The first investigation of this phenomenon were carried out in
the early 1950’s by Ward and Brooks [119; 120; 121] and later by Chandrasekhar and
Hoelscher [16]. The authors tried to measure concentrations near the interface in order
to characterise the processes occuring at the interface. The first approach to describe
these processes was developed by Brenner and Leal. Their model is based on the
potential energy of the solute molecules in the two liquid phases for the simplified
case of a constant gradient in an unstirred system [13]. For stirred systems systematic
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Figure 2.5: Schematic picture of the film model used in the present studies for
the simulation of the continuous reaction
investigations about mass transfer dependence on the stirring speed were carried out
by Nitsch et al. [83; 84; 126], who developed a method for the measurement of mass
transfer based on the early work by Lewis [76]. More recent investigations were made by
Remorov and Bardwell, who studied the interfacial mass transfer of solutes through the
gas-liquid interface using the mass accomodation coefficient (ratio of molecules entering
the liquid phase and number of collisions with the interface) [94].
Mass transport can be limiting for an overall process (e.g. a chemical reaction in a
biphasic system). This phenomenon occurs when a system incorporates a strong mass
transport resistance. The study of such mass transport phenomena is not only essential
for the understanding of the overall process and the description of biphasic reactions,
in which the mass transfer is one essential step. More important is it for the description
and the calculation for extraction processes. Originally, such studies in fact were mainly
of interest in the field of solute extraction in liquid systems. Later, more detailed studies
for the influence of mass transport in reactive systems were carried out. But still, this
is a field of actual interest to date and systematic investigations are rare [4; 24; 25; 118].
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2.3 Microreaction Engineering
2.3.1 Basic principles of microreaction engineering
An important aspect in reaction engineering is the intensification of heat and mass
transport, especially in cases where the transport processes are slow compared to the
reaction rate. For small characteristic lengths of a reaction engineering apparatus, e.g.
a tubular reactor, a beneficial behaviour is obtained. The main characteristics (so called
microeffects) for small lengths are mainly:
• short diffusion path leading to fast mass transport by diffusion
• laminar flow (low Reynolds numbers) leading to a defined velocity profile inside
the channel
• large specific surface area of the reactor walls leading to intensified heat and mass
transport
These beneficial properties are used in so called microreactors or microstructured
devices. These are, according to older definitions, structures with characteristic lengths
< 1 mm, but also larger dimensions show the above mentioned properties. So a mi-
crostructured device can be regarded as a reaction apparatus showing micro effects.
Possible structures contain simple channels (rectangular or circular) or more compli-
cated geometries. Microeffects lead to several advantages like fast mass transport (mix-
ing times of 10−3 to 10−2 s) and fast heat transport (heat flows of up to 3·104 W m2 K−1),
almost isothermic temperature distribution and defined flow properties [51; 12]. The
specific surface areas are in the range of 104 m2 m−3 to 5·104 m2 m−3, which is 10 to
1000 times that of conventional macroscaled devices. Due to the short path length in
such structures, mixing is very fast and efficient even if no additional convective mixing
(except the convective flow in axial direction) is present. Mixing in radial direction only
takes place by diffusion.Common microstructured devices can be divided into several
categories:
• unit operation mixing (micro mixers: interdigital, split-and-recombine, microjet)
• unit operation heat exchange (micro heat exchangers: co-current flow, counter-
current flow, cross flow)
• unit operation reaction (micro reactors with a catalyst coating: microchannels,
monolithic structures)
All these components can be used to optimise a process with respect to mass and
heat transfer.
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Beside efficient mixing and heat transfer, another advantage of such devices is the
possibility of a continuous operation without needing large amounts of substrates and
solvents. This technology can be transferred into a larger scale by parallelisation of
the single process (External Numbering Up or Scale out) or by increasing the amount
of channels or structures in one device (internal numbering up, or equaling up) [77].
Both techniques offer the opportunity of increased throughput without changing the
characteristic dimensions of the process (e.g. surface-volume ratio or interfacial areas
in biphasic systems). Thus the basic problems of Scale Up can be overcome and short
development times are possible. Moreover, the continuous operation yields important
information about the catalyst stability in a very early stage of the process develop-
ment. This can be time and cost saving [80]. Moreover, the volumes are very low
due to the small structures. This is beneficial for the handling of hazardous or even
explosive substances and mixtures. Therefore micro reactors are generally assumed to
be a safe alternative to conventional techniques. Many examples for chemical reac-
tions in microstructures have been published, mainly in the field of organic synthesis,
high throughput screening and multiphase catalysis [20; 31; 58; 59; 66; 95; 125]. Novel
tools for the understanding of such structures have been developed and are still under
investigation [47; 54; 73; 86].
Beside all positive aspects one has to admit that there are also negative aspects.
Main drawbacks of microreaction engineering are the high pressure drop due to narrow
channels (∆p ∝ radius−4) and sensitivity towards clogging of the channels. The latter
aspect is due to the large surface-to-volume ratio leading to an accelerated particle
precipitation or agglomeration at the walls. When working with liquids, the pressure
drop increases very fast with the flow rate, so a limitation is given by the viscosity of
the liquid and the throughput. For some highly viscous fluids, not more than a few
mL min−1 can be pumped. For biphasic systems, the dependence of pressure drop on
the flow rate may be different and more complex than in the case of only one phase
flowing through the microstructure. Here, pressure drop also depends on the viscosities,
viscosity differences, surface tensions etc.
2.3.2 Mixing in microstructures
Mixing is a very important issue in reaction engineering and its intensification is a
key objective. Mixing can take place by internal forces (diffusion due to Brownian
movement) or by external forces (convection by stirring, turbulences in static mixers
etc.). Since the mass transfer rate for a diffusive mixing is dependent on the distance
between both phases, a decrease in the phase width leads to a strong decrease of the
mixing times. The best known example for microstructures that can be used for an
efficient mixing by diffusion are interdigital mixers. This principle is based on the
splitting of two liquid streams into many very thin layers by pumping them through
very narrow channels (so called multilamination principle, see Figure 2.6) [52]. The
channels are then led together through a narrow slit, in which typical distances between
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Figure 2.6: Schematic picture of an interdigital mixer from the IMM [52; 51]
Figure 2.7: Photo of the Ehrfeld interdigital mixer (left) with the respective slit
plate (right)
the phases are in the range of 10µm. An example for such a mixers is the interdigital
mixer by Ehrfeld Mikrotechnik BTS, which is shown in Figure 2.7. These mixers offer
a very good performance with mixing times in the range of milliseconds, but they are
sensitive towards clogging by particles and towards highly viscous fluids.
Another method of mixing is the so called split-and-recombine principle. Two fluid
streams are split perpendicular to the interface and then recombined parallel to the
interface. This leads to a 2 fold increase of the number of fluid layers within such a
mixing step. The commercially available Ehrfeld cascade mixer (see Figure 2.8) has
6 mixing steps, which leads to in total 26 = 64 fluid layers at a total inner diameter
of 500µm. This leads to fluid layer thicknesses of around 8µm. This principle is well
suitable for higher viscosities and liquids containing particles up to this size of the slit.
In biphasic flows in capillaries an interesting micro effect occurs leading to an efficient
mass transport without using additional mixing devices. Here, the formation of flow
patterns can be observed dependent on the flow rate, the ratio of the liquid volume
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Figure 2.8: Schematic picture of a split-and-recombine mixer [57] and a photo
of the Ehrfeld cascade mixer
flows as well as of the capillary diameter. The following flow patterns can be observed
[103]:
• Taylor flow or Slug Flow : periodically both phases pass the capillary as slugs
(diameter close to the diameter of the capillary)
• Bubbly flow : one phase is dispersed as small bubbles in the second phase
• Annular flow : one phase flows in the centre of the capillary whereas the second
phase flows near the walls
These flow patterns occur in both gas-liquid as well as liquid-liquid biphasic flows.
The first studies concerning the flow characteristics in biphasic systems were carried
out by Taylor in the early 1960’s for gas-liquid biphasic systems [112]. Therefore the
term ’Taylor flow’ is only used for gas-liquid systems. More recent studies deal with
mass transport (experimental studies and numerical simulations) in gas-liquid flow [89;
98; 122] as well as similar aspects in liquid-liquid biphasic flow [27; 61; 111]. All studies
showed that inside the liquid slugs a circulation occurs leading to a renewal of the
interface and to an increase of mass transfer rates (see Figure 2.9). The liquid that
forms bubbles, is not in direct contact with the tube wall. The wall is always coated
with a thin film of the other liquid phase (colourless phase in Figure 2.9). Since mass
transport through this film is slow, the axial dispersion between the single slugs can be
neglected. This leads to a very narrow residence time distribution in spite of the fast
diffusive mixing. Very prominent examples for Taylor flow based systems are gas-liquid
reactions in monolithic structures with catalyst coated walls [43]. A stabilisation of
both phases can be achieved by coating of the walls [53]. Using this technique, even
counter current flow can be achieved in microstructures.
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Figure 2.9: Schematic picture of the circular flows inside liquid-liquid biphasic
slug flow [61]
2.3.3 Feasibility of the use of microreactors
Due to the above mentioned microeffects in microreactors leading to good heat and mass
transfer and flow uniformity, these structures can be used for special types of reaction
systems. Among these are reactions that are difficult to be carried out in conventional
scale or that suffer from low selectivities. Some classes of reactions are
• fast reactions with mass transfer limitation (e.g. heterogeneously catalysed gas
phase reaction with limited external mass transfer limitation)
• systems with slow mass transfer
• multiphase systems (liquid-liquid, gas-liquid)
• strongly exo- / endothermic reaction (e.g. oxidations, nitrations, fluorinations)
[58]
• reactions with hazardous or explosive substrates or (by-) products (e.g. synthesis
of nitro glycerole)
For these special reactions microstructures are often beneficial in terms of productiv-
ity, selectivity and safety of the process. In many cases the continuous operation allows
a throughput and STY similar to conventional batch processes. Especially when work-
ing with explosive or hazardous substances the continuous production in small scale
can be beneficial since storage can be reduced to a minimum. Microstructured heat
exchangers can be used instead of conventional devices in existing plants, so here the
applicability is very good. In spite of the generally limited throughput, an improved
design can lead to an increase of throughput. Examples of heat exchangers are known
that can be operated with throughputs of water of up to 30 m3 h−1 [12] at ambient
conditions.
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Beside the limited throughput and the high sensitivity towards particles and clogging,
one major disadvantage is that such devices are often difficult to be integrated into
a setup, especially when batch systems are used as state-of-the-art. The continuous
operation demands for pumps, sensors, flow control systems etc., which are mostly not
necessary in batch system. Moreover it is difficult to achieve an integration into existing
production plants due to installation costs, since a complete restructuring would be
needed for most processes. In some cases complete microscaled units can be used being
offered by several companies. 2,3,4
2.3.4 Industrial applications of microstructured components
Although the industrial application of microstructures is limited by low throughput,
high pressure drop and limited integration into existing plants, some activities have
been made by several companies trying to prove the feasibility for special applications.
Some examples have been published within the last years showing the potential when
an accurate plant design and development are carried out. The first and up to now most
prominent example is the DEMiS project (Degussa, Uhde, TU Chemnitz, TU Darm-
stadt, MPI Mu¨lheim), in which a microstructured reactor was used for the epoxidation
of propylene to propylene oxide using H2O2 in a catalytic gas phase reaction with ap-
proximately 5-10 t a−1 [58]. The reactor itself is not microscaled (1 x 0.6 x 6 m cylindric
reactor), but inside, 1-10 mm channels as microstructures lead to an improvement of
heat and mass transfer. Other examples are the use of microstructures for the synthesis
of pigments (Clariant, Frankfurt, Germany, CPC, 80 t a−1), the synthesis of nitro glyc-
erole (Xi’an Chemical Industry Group, China, IMM, 130 t a−1) and a polymerisation
(Siemens Axiva, Frankfurt, Germany, 2000 t a−1). In the latter process, a conventional
mixer was replaced by 28 micro mixers in parallel that are used to mix monomer and
initiator fast and efficiently. The polymerisation is carried out in the conventional
CSTR. The German company Evonik Industries Degussa has created a project house
(µ.Pro.Chem.), in which the transfer into pilot scale was the main aim. Together with
partners from industry (BASF ) and research groups (IMM ), the ozonolysis in a micro
falling film reactor was investigated in a larger scale of 120 t a−1 [77; 32].
The most recent example is the production of the Ionic Liquid [EMIm]EtSO4 in pilot
scale with 7 t a−1 using a microstructured mixer and small scale heat exchangers and
residence time modules. This work was done at the ITMC (University Aachen) within
the EU project IMPULSE (Integrated Multi-Scale Process Units with Locally Struc-
2http://www.Mikroinnova.at
3http://www.Syrris.com
4http://www.Siemens.com
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tured Elements). 5
2.4 Catalytic Friedel-Crafts Acylation of activated
aromatics
2.4.1 Catalytic systems for the Friedel-Crafts acylation
The Friedel-Crafts acylation is the C-C coupling reaction between an acyl group (acid
chloride, acid anhydride etc.) and an aromatic compound. One prominent model
reaction is the acylation of anisole with acetic anhydride (see Figure 2.10). Common
systems use Lewis acidic catalysts like AlCl3. These catalysts have the disadvantage that
they form stable complexes with the acylated product (AlCl3 · AcR). If acyl chlorides are
used as acylating agent, the resulting product chloride also deactivates the catalyst by
formation of stable AlCl4
− complexes. The product can only be obtained by hydrolysis
of the product mixture after the reaction. This procedure creates large amounts of
aluminum hydroxide and does not allow a direct reuse of the catalyst [85]. Therefore
in the early 1970’s Kawada et al. and Kobayashi et al. developed catalytic systems for
this reaction based on weaker and more water and air stable Lewis acids like lanthanide
or transition metal salts [64; 65; 67; 68]. They found that lanthanide triflates Ln(OTf)3
(Ln = La, Yb, Pr, Eu, Nd, Sm, Gd, Dy, Ho, Lu etc.) can be used for the activation
of acyl donors (Ac2O, AcCl etc.) in the Friedel-Crafts acylation of anisole and other
activated aromatics. Later, articles about the use of other Lewis acidic metal salts
based on Sc, Cu, Zn, Sn, [30; 97], In [15; 18], Sb [69], Bi [26; 40], Hf [45] and Pb [41]
were published. In all cases good performances could be achieved with selectivities to
the para product of up to > 99%. Remarkable effects of Li salts as co-catalyst were
found for the systems using Sc, Sn, Sb, Hb, Hf and Bi [45; 69]. The use of 6 equivalents
of LiClO4 lead to a strong increase of the reaction rate for all used catalysts. Most of
the presented systems showed a good activity and stability towards water and air.
2.4.2 Kinetic model for the catalytic Friedel-Crafts acylation of
anisole
The kinetics of the Friedel-Crafts acylation using traditional aluminum catalyst are well
known. The reaction rate can be described by the following model [85]:
r = kR caromatic c(AlCl3·AcCl) (2.8)
5http://www.itmc.rwth-aachen.de/liauwseite/demo/Demonstrator Homepage Startseite.htm
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Figure 2.10: Scheme of the Friedel-Crafts acylation of anisole with acetic anhy-
dride using metal triflates
DeHaan et al. found a third order reaction except for the initial rate. In this case,
the concentration of AlCl3 is close to the initial concentration and the apparent reaction
order is one in both the aromatic and the acylating agent.
r =
kR
cAlCl3,0
cAlCl3caromatic cAcCl (2.9)
In all studies, not pure third-order kinetics were found, but kinetics with significant
interactions between the catalyst and the acylating agent [22]. For weaker Lewis acids
like the already mentioned lanthanide or transition metal salts, these models are not
valid. First attempts to investigate the kinetics of Friedel-Crafts reactions using such
catalyst systems were done by Goodrich et al. [41]. They studied the benzoylation of
anisole in an Ionic Liquid using Al, Sc, Y, In, Sm, and Yb salts and found a rate law
shown in (2.10), which corresponds to a first-order reaction in substrate, reactant and
catalyst with an additional inhibitory effect of the benzoylated product. This fitted
well to the observations made by Olah [85] concerning the formation of stable adducts
of catalyst and the product ketone.
r = kR caromatic cBn2O (
ccatalyst,0
1 +K1cproduct
) (2.10)
Later, Dzudza et al. studied the kinetics of the acylation of anisole in nitromethane
using lanthanide triflates as catalysts. For Yb, they found a dependence of the reaction
rate analogous to Goodrich et al. [41] (reaction of first order in all components). The
product inhibition was not studied. The investigations clearly showed strong interac-
tions of the catalyst with the acylating agent but also with the aromatic substrate. This
was shown by detailed 1H NMR studies. The catalytic cycle assumed by the authors
for such reactions is shown in Figure 2.11 [29].
2.4.3 Catalytic Friedel-Crafts acylation in Ionic Liquids
During the last decade a number of publications showed the application of IL as solvents
for the Friedel-Crafts acylation. Here, two main methods were developed:
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Figure 2.11: Catalytic cycle for the acylation of AN with Ac2O using Yb(OTf)3
in nitromethane [29]
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• use of catalytically active IL as solvents
• use of metal salt catalysts, dissolved in IL as solvents
Surprisingly, the first work has been published before the term ’Ionic Liquid’ was
established. Boon et al. showed already in 1986, that the Friedel-Crafts acylation of
benzene with acetyl chloride can be performed in a mixture of dialkylimidazolium chlo-
ride and aluminium chloride, which is a liquid mixture at ambient conditions [11]. They
showed that the reaction proceeds well in such mixtures and that Al2Cl7
− is formed.
Similar catalyst systems were used later by Surette et al., Adams et al., DeCastro et al.
and Xiao et al. [1; 21; 110; 133]. Different mixtures of AlCl3 with pyridinium and imi-
dazolium based IL were used for the acylation of substituted benzenes [133], ferrocene
[110] and further substrates [1]. With these catalytic systems even continuous reactions
could be performed. This was shown by DeCastro et al. for the alkylation of benzene
with dodecene using [BMIm]Cl−AlCl3 on a solid SiO2 support material [21]. Analogous
to the results of Goodrich et al. [41], they found a deactivation of the catalyst with
time-on-stream due to inhibition by products blocking the catalyst and the catalyst
surface.
Concerning the use of lanthanide and transition metal salts as catalysts, Ross et al.
showed that the performance of Cu, Zn, Sn, and Sc based catalyst systems is good
when applied in [BMIm]BF4 as solvent [97]. In some cases, even an increase in yield
or productivity compared to systems without IL could be achieved. Further studies by
Goodrich et al. and later by Zayed et al. showed the large potential of the combination
of ’truly catalytic’ systems together with IL for the immobilisation [41; 136]. They used
[BMIm]NTf2 and [BMPyr]NTf2 as IL for their studies, but also other IL have been
tested recently [135]. In principle these systems are suitable for the use in catalytic
reactions, also in biphasic systems. Zayed et al. showed the application in continuous
biphasic catalysis using the system IL / scCO2 [136].
One of the most important aspects of catalysis with metal complexes in IL is the influ-
ence of the solvent on the catalyst performance. Especially when Lewis acidic catalyst
systems are used, problems can occur due to strong interactions of the metal centre
with the IL anions leading to a deactivation of the catalytically active species. Even
when using weakly coordinating anions as counterions, interactions can occur [8; 82].
This phenomenon is well known and was studied during the last years. Earle et al.
showed that the NTf2 salts of several metals (Mn, Co, Ni, Cu, Zn, Sn, Pb etc.) can be
obtained in situ from the respective chloride salts in an excess of the IL with the same
anion (in this case [BMIm]NTf2) [30]. The resulting metal complexes were active in the
benzoylation of toluene with benzoyl chloride. The IL itself was not catalytically active
in this reaction. The complexes M(NTf2)2 could also be isolated and characterised by
X-ray diffraction. The formation of such structures was not expected by the authors,
since the NTf2
− anion was known to be weakly coordinating, especially compared to
chloride anions. Similar structures were found by Bhatt et al. who identified the com-
plex La(NTf2)3(H2O)3 in the IL [M3BN]NTf2 [9]. These structures were obtained by
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addition of La2O3 into an aqueous solution of HNTf2. Hines et al. showed, that var-
ious complexes can be obtained when using IL with strongly coordinating anions like
[EMIm]Cl [55]. In this case cations can be incorporated into the complex leading to
structures like [EMIm]3LnCl6 (Ln = La, Pr, Nd, Sm, Eu, Gd). These structures are
obtained by simple addition of LnCl3 to the IL under heating.
In summary, the use of IL is possible in many cases. Nevertheless, the interactions of
catalyst and IL are not yet fully understood. Interactions can occur that may lead to a
change of the coordination sphere due to interactions with the weakly coordinating an-
ions being present in excess. These interactions can strongly influence the performance
of the catalyst system and must be taken into account for a development of catalytic
systems using IL.
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3.1 Complexity of the reaction system
As mentioned above (see Chapter 1) the present model reaction was chosen since it
represents a well known reaction system. Many publications can be found concerning
the reaction kinetics, catalysts and the interactions of catalysts with different solvents
in this system. However, it has to be pointed out that the overall system is very complex
if biphasic catalysis is to be applied. Here, many different parameters have an influence
on the outcome of the reaction:
• general: 9 parameters (concentrations, phase volume ratio, volume flow rate,
temperature)
• reaction: 7 parameters (rate constant, activation energy, reaction orders)
• mass transport: 4 parameters (mass transfer coefficients)
• partitioning: 4 parameters (partition coefficients)
Some of these parameters were kept constant during all studies in order to min-
imise the parameter set: phase volume ratio (1:1) and temperature (room temperature,
298 K). Other parameters are by definition constant and cannot be changed: reaction
rate constant, reaction orders and activation energy. But still, 15 parameters are left
that can be changed by changing the process (e.g. concentrations or flow rates) or the
solvent system (partition coefficients, mass transfer coefficients). This clearly shows
that biphasic reaction systems are always rather complex. Even a very simple reaction
system with a first order reaction (one substrate, one product, no catalyst) would lead
to a system with seven parameters if carried out at only one fixed temperature and
phase volume ratio.
This complex nature of biphasic reaction systems has to be considered in the present
work and made it necessary to characterise the different parameters independently step
by step. Moreover, as shown later (see chapter 3.3) the reaction system proved to be
not as simple as expected.
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Table 3.1: Polarities of the used IL and solvents from literature
solvent/  /- ENT /− ET (30)/kcal mol−1
IL
[BMIm]BF4 11.7 [128] 0.673 [92] 52.5 [92]
[BMPyr]NTf2 7.0 [92] 0.588 [74] 50.2 [78]
[EMIm]NTf2 12.3 [128] 0.676 [92] 52.6 [92]
[EMIm]EtSO4 27.9 [128] n.a.
a n.a.
[EMIm]OTf 15.1 [128] n.a. n.a.
organic solvents b
n-heptane 1.9 0.012 31.1
CO2
c 1.6 0.117 34.5
ethanol 24.5 0.654 51.9
water 78.4 1 63.1
acetone 20.6 0.355 42.2
dioxane 36.0 0.164 2.21
toluene 2.4 [39] 0.099 33.9
relevant solutes b
AN 4.33 0.198 37.1
pMA n.a. n.a. n.a.
Ac2O 20.63 0.407 43.9
AcOH 6.17 0.648 51.7
an.a. = not available
ball values by Reichardt [91]
c297 K, 69 bar
3.2 Physical properties of IL / solvent biphasic systems
3.2.1 Partition behaviour
The partition coefficients in biphasic systems (as defined in (2.3)) are predominantly
dependent on the polarity of both phases as well as specific interactions between solvent
and solute molecules. IL are polar ionic solvents with dielectric constants similar to
polar organic solvents like ethanol or acetone. The solutes of interest for the present
studies displayed also a high polarity. In contrast to this, the organic solvents chosen as
second phase were weakly polar (see Table 3.1). Beside polarity, electrostatic, aromatic
as well as van-der-Waals interactions and hydrogen bonding also play a role.
41
3 Results and Discussion
2
4
6
8
dielectric constant solvent / - 0
5
10
15
20
25
30
dielectr
ic cons
tant IL 
/ -
0
0.25
0.5
0.75
1
pa
rti
tio
n 
co
ef
fic
ie
nt
 p
ro
du
ct
 / 
- [BMPyr]NTf2
[BMIm]BF
4
[EMIm]NTf2
[EMIm]EtSO
4
n-hepta
ne
n-hexa
ne
toluene
diethyle
ther
MTBE
dioxaneEtOAc
THF
Figure 3.1: Partition coefficients of pMA in IL / solvent, determined by GC, T
= 298 K, cpMA,0 = 1 mol L−1
The partition coefficients for AN and pMA in several IL ([BMIM]BF4, [EMIm]NTf2,
[BMPyr]NTf2 and [EMIm]EtSO4) were measured with common organic solvents (toluene,
n-heptane, n-hexane, THF, dioxane, EtOAc, diethylether, MTBE). Starting point was
always a 1 molar solution of the solute in one of the phases, in analogy to the concen-
trations used in the actual reaction system. The results of the GC measurement of the
organic phase of the equilibrated mixtures are shown in Figure 3.1 and Figure 3.2.
The results do not show a significant dependence of the partition coefficient of pMA
and AN on the polarity of the organic solvents. In general the partition coefficients
are low (< 1) indicating stronger interactions of the solute molecules with the IL than
with the organic solvent. The use of toluene leads to higher partition coefficients of
> 0.7 for AN and 0.4 - 0.8 for pMA. This shows the strong impact of interactions of
the aromatic systems on the partitioning. Here, interactions of the aromatic rings of
solvent and solute are expected to be present [44; 46]. Very unpolar solvents like longer
hydrocarbons (n-hexane or n-heptane) show significantly lower partition coefficients
than most other solvents (< 0.2 for AN, < 0.1 for pMA) since only weak interactions
are likely to present.
For the dependence of the partition coefficients on the IL polarity no trends could be
observed as well. Only in some cases, [EMIm]EtSO4, which is the most polar of the used
IL, shows the lower partition coefficients compared to other IL. But exceptions are also
present, in which [EMIm]EtSO4 shows higher partition coefficients than the other IL.
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Figure 3.2: Partition coefficients of AN in IL / solvent, determined by GC, T
= 298 K, cAN,0 = 1 mol L−1
The polarity of the pure IL is not really relevant in these studies, since most IL dissolve
large quantities of organic solvents. In case of toluene, the toluene concentration in the
’IL phase’ is even higher than that of the respective IL (see Table 3.2). Therefore rather
the polarity of the IL - solvent mixture should be considered. A quantification is not
possible to date since the availability of polarity data of these mixtures is too low.
The partition coefficients of pMA are always lower than for AN. This means that
the substrate of the FC-Ac strongly interacts with IL and solvent, whereas the product
pMA predominantly shows interactions with the IL phase. This is probably due to the
high polarity of pMA caused by the presence of the acyl group. In case of a continuous
FC-Ac reaction this will lead to an accumulation of product in the IL phase. Goodrich
et al. observed that the acylated product strongly inhibits the catalyst and decreases
the reaction rates [41]. Therefore an accumulation of pMA during time-on-stream is
disadvantageous and will probably lead to low reaction rates. Investigations concerning
this effect will be presented later (see section 3.3.7).
A higher polarity of the solvent leads to an increase of IL solubility in the solvent
phase (see also Table 3.3). This will lead to a significant IL leaching and lower reaction
rates. Moreover, at higher solvent polarities, the presence of a miscibility gap gets
less probable. Therefore only IL with a very high polarity of solvents with a very low
polarity can be used for a sufficient separation of both phases, but at the same time
this leads to a decrease in partition coefficient. So a compromise has to be found here.
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Figure 3.3: Partition coefficients of Ac2O and AcOH in IL / n-heptane, deter-
mined by GC, T=298 K, cAN,0=1 mol L−1
Further measurements were carried out with regard to the acylating agent Ac2O and
the byproduct AcOH for the biphasic system IL / n-heptane (see Figure 3.3). Due to
the high polarity of both AcOH and Ac2O (see Table 3.1) the partition coefficients
are always < 1. Also for these solute molecules partition coefficients are limiting for
a continuous operation, since they display a high affinity to the polar IL phase. In
contrast to pMA, the byproduct AcOH shows a beneficial partition behaviour compared
to Ac2O. AcOH shows rather high partition coefficients of 0.05 - 0.14 in n-heptane.
This is significantly higher than the partition coefficient of Ac2O (0.02 - 0.03). When
comparing the partition coefficients using different IL, differences in polarity of the IL
are not reflected and no trend can be observed.
The presented data clearly show the necessity to experimentally determine partition
coefficients since a simple prediction based on pure solvent polarities is not possible.
A rough estimation using the COSMO-RS method is an option to circumvent these
experiments. If not only qualitative trends but quantitative data are required (like for
the simulation of continuous reactions biphasic systems), an experimental measurement
is necessary.
For a further characterisation of the thermodynamic properties of IL - solvent systems
the solvent cross-solubilities were investigated for the systems [BMIm]BF4 / toluene and
[EMIm]NTf2 / n-heptane. The results are shown in Table 3.2 as an addition to the data
for the solubility of the organic solvent in the IL (shown later, see Table 3.3). For
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Table 3.2: Solubilities of the solvents in the system IL / organic solvent
IL solvent csolvent
a / cIL
a /
mol L−1 mol L−1
IL phase
[BMIm]BF4 toluene 2.26 1.17
[EMIm]NTf2 n-heptane 0.09 1.15
organic phase
[BMIm]BF4 toluene 7.19 0.04
[EMIm]NTf2 n-heptane 6.78 below detection limit (<0.001)
ameasured by quantitative 1H NMR spectroscopy
n-heptane as organic solvent, no cross contamination with the IL is detected by NMR
(< 0.001 mol L−1). This allows the use of this solvent combination for biphasic catalysis
with the IL as stationary catalyst phase. In case of toluene, which is rather unpolar but
shows strong interactions to the IL due to its aromaticity, the IL solubility is much higher
leading to a concentration of 0.04 mol L−1. This would cause a significant IL leaching and
make it impossible to use this solvent combination for a continuous operation. Assuming
a constant IL concentration of 0.04 mol L−1 in the organic phase, this would correspond
to a complete removal of 4 mL IL (IL volume used in later continuous reactions, see
section 3.4.2) within 68 h or 3 days at a constant solvent flow of 0.008 L h−1. Even if a
complete extraction of the IL was not possible, significant IL and catalyst losses can be
expected.
Solubilities are strongly influenced by the addition of cosolvents [131]. Substrates
and products can act as cosolvent increasing the cross contamination of the solvents.
When adding different amounts of a solute to the biphasic system [EMIm]NTf2 / n-
heptane, a volume expansion of the IL phase can be observed, which gets stronger with
increasing concentration of the solute molecule (see Figure 3.4). In some cases, the
volume expansion was approximately 100% meaning that the complete organic solvent
has been dissolved in the IL phase.
3.2.2 Viscoelastic properties of IL and mixtures with organic
solvents
Mass transport in liquid-liquid biphasic systems is dominated by the solvent viscosi-
ties. The viscosities of different IL - solvent mixtures were measured in order to obtain
quantitative information for later studies. First the viscosities of some pure IL and IL
saturated with organic solvents were measured. As model systems IL / solvent combi-
nations being used later for diffusion measurements (see section 3.2.3) were chosen.The
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Figure 3.4: Volume expansion in the system [EMIm]NTf2 / n-heptane,
T=298.5 K
measurements were done with the help of common Ostwald or Ubbelohde viscosimeters.
The obtained results are shown in Table 3.3.
It can be seen that the viscosity of the IL phase decreases with increasing concen-
tration of solvent. The strongest decrease was observed for the system [BMPyr]NTf2
/ toluene. The dynamic viscosity decreased from 106 to 9 mPa s. As shown before,
the solubilities are dominated by specific interactions between the IL and the organic
solvent. If high solubilities are present, the molar fractions of the solvent in the IL
phase can be even higher than of the IL itself. For unpolar solvents like n-heptane, the
solubility can be neglected. In this case, the concentrations are << 0.01 mol L−1 and
the solvent only has a weak influence on the properties of the IL phase.
The strong decrease of the IL phase viscosity was also found by other groups [134].
They found an exponential decrease of the dynamic viscosity with the molar fraction
of solvent (see equation (2.2)). In order to prove this for the present systems, similar
measurements of the viscosity with variation of the composition were carried out. These
measurements were done at ambient conditions without thermostatting in Ostwald or
Ubbelohde viscosimeters.
The first measurements were carried out for the system [BMPyr]NTf2 / toluene. The
molar fraction of the solvent was varied between 0 and 0.8. The results of this measure-
ment are shown in Figure 3.5. The viscosity shows an exponential decrease with the
molar fraction of toluene. The viscosity as function of composition was also determined
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Table 3.3: Viscosities of selected pure and saturated IL
IL solvent csolvent
a / ρb / η /
mol L−1 g mL−1 mPa s
[BMIm]BF4 - 0 1.23 94.71± 0.05c
[BMIm]BF4 toluene 2.26 1.15± 0.01 39.9± 0.3c
[BMPyr]NTf2 - 0 1.37± 0.01 106± 1
[BMPyr]NTf2 toluene 5.9± 0.4 1.21± 0.04 9.38± 0.01
[EMIm]NTf2 - 0 1.50± 0.01 34.8± 0.7
[EMIm]NTf2 toluene 4.29± 0.07 1.289± 0.003 5.5± 0.3
[EMIm]NTf2 n-heptane 0.46± 0.02 1.50 30.96± 0.03c
[EMIm]NTf2 dioxane 9.77± 0.07 1.223± 0.004 n.d.
[EMIm]EtSO4 - 0 1.25± 0.01 104.3± 0.5
[EMIm]EtSO4 toluene 1.45± 0.08 1.21± 0.01 50.5± 0.1
[EMIm]EtSO4 n-heptane < 0.003 1.25± 0.02 n.d.
ameasured by quantitative 1H NMR spectroscopy
bmeasured gravimetrically
cmeasured in rheometer
Figure 3.5: Dependence of the kinematic viscosity of [BMPyr]NTf2 on the molar
fraction of toluene, T=296 K, measured in an Ostwald viscosimeter
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Figure 3.6: Dependence of the kinematic viscosity of [EMIm]NTf2 on the molar
fraction of toluene, T=295 K, measured in an Ubbelohde viscosimeter
for the two systems [EMIm]NTf2 / toluene and [EMIm]EtSO4 / toluene. The results are
shown in Figure 3.6 and Figure 3.7. They show the same trend, but the exponential
character of the dependence is less pronounced.
The exponential dependency of viscosity on the composition can be found in litera-
ture for the dynamic viscosity only. Since kinematic viscosities were measured in the
viscosimeters, the densities of the mixtures had to be taken into account. The density
changes along with the composition and can be described by a hyperbolic dependence.
The densities of different mixtures were measured for [EMIm]NTf2 as model IL. In or-
der to gain information about the dependence of the density on the molar fraction of
a solute, the density was determined gravimetrically for mixtures of [EMIM]NTf2 with
AN, pMA, AcOH and Ac2O. The results are shown in Figure 3.8. A fitting of the data
yielded a hyperbolic dependence:
• AN: ρ = 0.78·xAN
0.52+xAN
+ 0.98
• Ac2O: ρ = 0.63·xAN0.4716+xAN + 1.08
• pMA: ρ = 0.71·xAN
0.70+xAN
+ 1.09
• AcOH: ρ = 0.65·xAN
0.29+xAN
+ 1.05
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Figure 3.7: Dependence of the kinematic viscosity of [EMIm]EtSO4 on the molar
fraction of toluene, T=295 K, measured in an Ubbelohde viscosimeter
Assuming the same dependencies for different solvent combinations, the densities
of the mixtures of IL and solvent were approximated by fitting the densities of the
pure IL, saturated IL and pure solvent. The results are shown in Figure 3.9. With
these estimated densities the dynamic viscosities of the mixtures with different molar
fractions of solvent could be approximated. A logarithmic plot of the approximated
dynamic viscosities versus the molar fraction of solvent showed the same dependence
like described in literature (see Figure 3.10) [134]. Except for [EMIm]NTf2 a clear linear
dependence is displayed by the data obtained from the measured kinematic viscosities
and calculated densities.
With the knowledge of the dependencies of densities and viscosities on the solvent
content of different mixtures with IL these properties can be calculated and used for
further investigations. The logarithmic dependence is only an approximation since it
does not include the viscosity of the pure organic solvent directly. For low concentra-
tions of organic solvent the differences in viscosity of different organic solvents can be
neglected, so the error is not significant. For pure IL up to saturated IL solutions, the
influence of the solvent viscosity is low, so for our purposes, the approximations lead to
accurate results. For solutions in which the IL serves only as additive, other theories
have to be used to describe viscosity and density accurately.
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Figure 3.8: Dependence of the density of [EMIm]NTf2 on the molar fraction
of AN, pMA, AcOH and Ac2O, T=295 K, measured gravimetrically with a
microbalance and microlitre pipettes
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Figure 3.9: Approximated densities for different mixtures IL / toluene, T=295 K
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Figure 3.10: Logarithmic plot of dynamic viscosity versus molar fraction of
toluene for different IL, T=295 K, using approximated densities of the mixtures
and measured kinematic viscosities, lines = linear fits
3.2.3 Mass transport - Monitoring of diffusion processes
Monitoring by GC measurements
In order to investigate the mass transport of solutes in IL / organic solvent systems in
detail, mass transfer from one phase into the other phase was first monitored by GC.
Samples were withdrawn from the organic phase and the content of solute was measured
yielding typical concentration-time profiles. Such a curve for pMA for the diffusion from
the IL into the solvent phase, measured in the latter, is shown in Figure 3.11. During the
first minutes of the measurement low concentrations are detected which then increase
almost linearly with time. During the transport process the concentration gradient
decreases and causes a decrease in the slope of the curve. As shown in Figure 3.11,
the concentration data could be fitted with a hyperbolic function during the complete
diffusion process. This corresponds to a transport process with maximum concentration
gradient at the beginning and no concentration gradient at the end of the process. The
beginning of the diffusion process can be assumed to be linear (constant concentration
gradient) since the overall changes in concentration are negligible. So the profile during
the first minutes could be fitted with a linear function. By doing so, from the initial
region the molar flux J through the interfacial area A can be calculated.
The results obtained from these measurements now were analysed with respect to
their dependence on the solvent viscosity. In order to be able to compare these data in
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Figure 3.11: Concentration - time profile for the diffusion of pMA from
[BMIm]BF4 to toluene (showing the general equations for linear and hyper-
bolic dependencies), T=295 K, cpMA,0=1 mol L−1
terms of viscosities, the viscosities of the IL saturated with the corresponding solvent
have to be considered. In addition, it must be admitted that the viscosity of IL -
solvent mixtures is also dependent on the concentration of dissolved solutes. Therefore
the viscosity of both the IL and the solvent phase will change during the diffusion
process. These effects were neglected in the present studies.
For a simple comparison of concentration-time profiles of diffusion processes using
different IL - solvent systems (see Figure 3.12), a dependence of the initial slope (corre-
sponding to the molar flux) on the viscosity of the IL phase (saturated with the organic
solvent) was clearly displayed. A plot of the molar flux versus the inverse IL phase
viscosity (see Figure 3.13) shows a linear dependence. That means that the overall
transport process is mainly governed by the IL phase diffusion. The experimental re-
sults correspond to the well known Stokes-Einstein law (see equation (2.5)). The data
are comparable for AN and pMA. From these data the conclusion can be drawn that
mass transport is dominated by the IL side transport and that the diffusion in the
organic phase has no measurable influence.
Another method to show that liquid bulk diffusion is rate limiting in our case, was to
use a Nitsch-type stirring cell, in which both phases can be stirred independently (see
Figure 3.14). Thus mass transfer limitations within both bulk phases can be minimised
52
3 Results and Discussion
0 0.5 1 1.5 2 2.5 3
time / h
0
0.05
0.1
0.15
0.2
co
nc
en
tra
tio
n 
pM
A
 / 
m
ol
 L
-1
[BMIm]BF4 / toluene, 39.9 mPa s
[EMIm]EtSO4 / toluene, 50.5 mPa s
[EMIm]EtSO4 / heptane, 100 mPa s (estimated)
[BMPyr]NTf2 / heptane, 102 mPa s (estimated)
Figure 3.12: Comparison of the diffusion process of pMA in IL / solvent,
T=298 K, cpMA,0=1 mol L−1
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Figure 3.13: Dependence of molar flux on inverse viscosity of the IL phase for
AN and pMA, T=295 K, cpMA,0=1 mol L−1
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Figure 3.14: Lewis-Nitsch type stirred cell for the measurement of the mass
transfer resistance of the interface [117]
and only the mass transfer resistance of the interfacial region itself Rinterface (including
the two boundary layers which are always present) is measured. The results obtained
from a measurement with NMR (samples were taken from both phases and analysed
quantitatively) are shown in Table 3.4. Mass transport through the interface was much
faster than diffusion through the liquid bulk. This was displayed by significantly higher
mass transfer rates with stirring. The results could be fitted and lead to a mass transfer
coefficient of 7.6 · 10−3 cm s−1, which is in a reasonable range for the present liquid-liquid
systems. Similar values were found by Nitsch et al. in water-CCl4 systems (k Iodine =
5·10−3 cm s−1 at 297 K, nstirrer=500 rpm) [84]. The transport process at similar initial
concentration gradients like in Figure 3.12 is finished within 30 min. This is more than
50 fold faster than in the non-stirred case. A control of the concentration at different
positions in the IL phase showed that the system is well mixed. This is in line with
the assumption, that by stirring, limitations of the bulk liquid phase diffusion can be
prevented and only the mass transfer resistance of the interfacial region is measured.
In addition, the mass transfer properties of different solutes were investigated for
different directions of transport (see Table 3.4). The results show only a weak difference
between the transfer of AN and pMA (4.0 vs. 7.3·10−3 cm s−1), both from IL to solvent
and vice versa (5% difference). This shows that the mass transfer resistance of the
interface in the present system is weak. The main mass transfer resistance therefore
can be assumed to be present in the IL bulk phase.
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Figure 3.15: Measurement of mass transfer of pMA through the interface in the
system [EMIm]NTf2 and n-heptane, T=298 K, cAN,0=1 mol L
−1
Table 3.4: Mass transfer coefficients for various solutes in the Nitsch cell
solute X kX / cm s
−1 direction
AN 4.0 10−3 n-heptane → [EMIm]NTf2
pMA 7.3 10−3 n-heptane → [EMIm]NTf2
pMA 7.7 10−3 [EMIm]NTf2 → n-heptane
Ac2O 9.8 10
−3 n-heptane → [EMIm]NTf2
All measurements were carried out by Alexander Schro¨er [100], T = 297 K,
c0,X = 1 mol L
−1, GC measurement of the heptane phase, 300 rpm for each stirrer
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Figure 3.16: Photo of the UV-VIS dip probe used for the monitoring of diffusion
processes in IL / solvent systems
One disadvantage of the presented measurements is that the system is disturbed by
the sampling procedure. Changes in the distance of the sampling point to the interface
(for diffusion measurement) as well as disturbing convection and changing the volumes
(for diffusion and mass transfer through the interface) can occur and might lead to a
significant error of the results. To overcome this problem a second analytical method
was established to monitor diffusion processes in such biphasic systems.
Monitoring by UV-VIS measurements
The method presented in the following part is UV-VIS spectroscopy. Both AN and pMA
shown a significant absorption in the UV-VIS region with maxima at 250 - 300 nm. So
this method is suitable for the measurement, also of low concentrations (< 0.001 mol L−1).
With the help of a 13 mm transmission dip probe (see Figure 3.16), the absorption was
monitored over time. A typical absorption-time profile is shown in Figure 3.17.
The absorption of both AN and pMA is very strong, already for small concentrations.
A calibration of pMA showed a hyperbolic dependence of the absorption on the con-
centration (see Figure 3.18). The results could be fitted corresponding to the general
equation
E =
p1 · c
p2 + c
(3.1)
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Figure 3.17: Typical absorption-time profile for the diffusion of pMA from
[BMIm]BF4 to toluene, normalised with respect to t0 = 0, T=298 K,
cpMA,0=1 mol L−1
with the absorbance E, the concentration c and two fitting parameters p1 and p2.
For low concentrations of the solutes, a linear dependence (Lambert-Beer law) is found.
For higher concentrations the absorption is too strong and no more differences can
be measured. By performing the calibration the absorption-time curves (either given
as maximum of absorption or as an integral of the complete absorption band) could
be transferred into the well known concentration-time profile (see Figure 3.19). This
calibration was carried out for different systems. The measurement error for high con-
centrations is rather high due to the weak relative changes. For low concentrations
(like present in the initial region of the diffusion monitoring) the error is rather low and
therefore this method is very sensitive.
c =
p2
(p1
E
− 1) (3.2)
Having in hand this tool for the in situ monitoring of diffusion processes, it was
tried to obtain quantitative data for the diffusion coefficient. Like shown before, the
overall mass transport process is limited by the diffusion inside the IL phase and can be
described by the first Fick law (see (2.4)). For IL with high viscosities a slow increase of
concentration can be found. In the case of the monitoring of mass transport from the
organic phase into the IL, the diffusion coefficient can be calculated using the measured
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Figure 3.18: Calibration curve for pMA in toluene, T=298 K
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Figure 3.19: Typical concentration-time profile for the diffusion of pMA from
[BMIm]BF4 to toluene, measured by UV-VIS, T=298 K, cpMA,0=1 mol L
−1
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molar flux and assuming a constant concentration gradient dc
dx
inside the IL phase. This
concentration gradient can be taken from the equilibrium partitioning and the distance
of the sampling to the interface (see (3.3)):
D = J · dx
dc
=
dc · V
dt · A ·
dx
dc
(3.3)
When considering integral values, the differential parameters dc and dx can be re-
placed by the integral values ∆c and ∆x. As distance between source and drain the
distance to the interface and as concentration difference the difference between the
initial concentration (in all cases = 0) and the equilibrium concentration calculated
from the partition coefficients was taken. For the example of the diffusion of AN from
[EMIm]NTf2 to n-heptane with a given partition coefficient of α= 0.56, the diffusion
coefficient can be calculated as follows:
D =
dc · V
dt · A ·
dx
dc
=
0.003mol L−1 · 0.005L
60min · 1.17cm2 ·
0.4 cm
0.64mol L−1
= 2.3 · 10−10m2 s−1 (3.4)
This result fits well to literature data. Common diffusion coefficients are in the range
of 10−10 to 10−11 m2 s−1 (see Table 3.5). The values of D are higher in systems with a
low IL viscosity, e.g. for [EMIm]NTf2. The higher the solubility of the organic solvent
in the IL, the lower the viscosity is in the resulting mixture leading to higher diffusion
coefficients. This strong effect of viscosity on the diffusion in IL / solvent mixtures was
also found by Comminges et al. [19].
If the mass transport process is only limited by the diffusion inside the IL phase,
the diffusion coefficient, which includes a normalisation to the respective concentration
gradient, should be independent of the direction of mass transport. In order to check if
this assumption is valid, the concentration-time profile for a mass transport process of
AN was measured for both directions (see Figure 3.20).
The results show different molar fluxes for both directions. The diffusion process
from the IL into the solvent is 100 fold faster than vice versa. D for the diffusion
IL → heptane is 1.6·10−8 m2 s−1, the value for the diffusion n-heptane → IL is only
1.1·10−10 m2 s−1. These values already include the fact that the concentration gradient
is higher and that the interfacial area is smaller for the transport solvent→ IL, since
the dip probe is placed in the IL phase in order to assure a high sensitivity. The same
effect was found in the biphasic system [EMIm]EtSO4 / toluene. In this measurement,
the diffusion from the IL into the solvent phase was 90 fold faster than vice versa.
The difference in mass transfer rate between both directions is striking. This can be
explained by the presence of spontaneous convective flows inside the IL phase, the so
called ’Marangoni effect’ being first reported by Sternling in 1959 [107]. The presence of
a solute in the highly viscous IL phase in high concentrations leads to a strong change
in surface tension as soon as the transport process takes place. The change in surface
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Table 3.5: Diffusion coefficients for common IL systems
IL diffusing D ·10−11/ T / measuring method reference
species m2 s−1 K
[BMIm]BF4 IL 0.9 290
1H DOSY NMR Bagno 2007[6]
[BMIm]BF4 IL 1.3
a 303 Taylor dispersion Su 2007[109]
[BMIm]BF4 ferrocene 0.8 295 chronoamperometry Comminges 2006
[19]
[BMPyr]NTf2 IL 1.3 293 NMR PGSE
b Annat 2007[2]
[BMPyr]NTf2 ferrocene 1.2 293 chronoamperometry Umecky 2005
[116]
[EMIm]NTf2 IL 8.6 298 NMR PGSE Tokuda 2005
[114]
[EMIm]NTf2 IL 4.6 293 NMR PGSE Annat 2007
[2]
[EMIm]NTf2 CO2 79 303 semi-infinite volume Camper 2006
[14]
[EMIm]NTf2 CO2 66 303 lag time technique Morgan 2005
[81]
[EMIm]OTf CO2 52 303 lag time technique Morgan 2005
[81]
aat infinite dilution
bPGSE, Pulsed Gradient Spin Echo
0 5 10 15 20
time / h
0
0.2
0.4
0.6
0.8
1
no
rm
al
is
ed
 c
on
ce
nt
ra
tio
n
from IL to heptane
from heptane to IL
Figure 3.20: Diffusion of AN between [EMIm]NTf2 and n-heptane, T=298 K,
cAN,0=1 mol L−1, concentration normalised with respect to the respective equi-
librium concentration
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Table 3.6: Molar fluxes for AN and pMA in various IL / solvent systems
solute X IL / solvent J · 10−5 mol h−1cm−2 analytical method
pMA [BMIm]BF4→ toluene 11.7 (293 K) GC
pMA [BMIm]BF4→ toluene 10.8 (300 K) GC
pMA [BMIm]BF4→ toluene 2.6 (299 K) UV-VIS
pMA [BMIm]BF4→ toluene 1.8 (299 K) UV-VIS
AN [BMIm]BF4→ toluene 9.3 (295 K) UV-VIS
AN [BMIm]BF4→n-heptane 6.1 (300 K) UV-VIS
pMA [EMIm]NTf2→n-heptane 0.7 (300 K) UV-VIS
AN [EMIm]NTf2→n-heptane 15.7 (300 K) UV-VIS
AN n-heptane→ [EMIm]NTf2 1.3 (298 K)a UV-VIS
pMA [EMIm]EtSO4→ toluene 6.9 (301 K) GC
AN [EMIm]EtSO4→ toluene 0.3 (295 K) UV-VIS
AN toluene→ [EMIm]EtSO4 0.03 (295 K)b UV-VIS
pMA [EMIm]EtSO4→n-heptane 0.7 (295 K) GC
cX,0 = 1 mol L
−1, measurement in the phase with cX,0 = 0 mol L−1
aD = 2.3·10−10 m2 s−1
bD = 5.8·10−12 m2 s−1
tension results in a convective flow and a renewal of the interface. Convective flows
from the IL bulk phase to the interface as well as back into the bulk are present here.
This convection is displayed by the presence of ripples at the interface and cords inside
the phase. This phenomenon only occurs when mass transport from the highly viscous
phase into the phase with low viscosity takes places, not vice versa. Sawistowski et
al. found that the mass transport number can be increased 3 to 5 fold for the system
acetic acid in water / benzene by chosing high concentrations of solute [99]. For higher
viscosities the effect is more pronounced due to stronger changes in surface tension
and a larger difference in diffusion coefficients and therefore leads to a larger difference
between the two diffusion directions.
A summary of all diffusion measurements, both with GC and UV-VIS is shown in
Table 3.6.
The present studies display the differences in viscosity of the saturated IL. IL mixtures
with high viscosities (e.g. [EMIm]EtSO4 - toluene, η = 50.0 mPa s) lead to rather low
fluxes of< 10−5 mol h−1cm−2. Exceptions are found for the mass transport of pMA. This
may also be due to the analytical method. In all experiments using GC as analytical
method, high values are reached. This is probably due to the sampling procedure
leading to additional convection and unwanted mixing effects.
In systems containing toluene as second phase, the values do not differ that much
leading to molar fluxes in the same range. When comparing systems with toluene on
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the one hand and n-heptane on the other hand, higher values for the first are expected.
This seems not to be the case. A possible explanation is that the viscosity is already
lower than of the pure IL due to dissolved solute, which is present in high concentration.
For a 1 molar solution of AN in [BMIm]BF4 the molar fraction of AN is already 0.17,
which corresponds to a large decrease of viscosity (40% approximately) and causes the
main effect here. The further addition of toluene does not decrease the viscosity as
much, so that the difference between n-heptane and toluene is not as large as expected.
When comparing the results for different solutes in IL - solvent systems, no clear trend
can be observed. As proposed by the Stokes-Einstein equation, the only difference in
diffusion coefficient D should be attributed to a difference in hydrodynamic radius r
(see (2.5)). r is not only a function of molecule size, but also of molecular interactions
with the surrounding medium, analogous to the Nernst-Einstein equation for charged
molecules. So a dependence on polarity, ionic and van-der-Waals interactions as well as
hydrogen bonding is given. All of these factors are potentially present in IL - solvent
systems. Moreover acidic centres of the IL (e.g. the acidic proton in the α position
to both nitrogen atoms of the [EMIm] cation) are likely to cause significant hydrogen
bonding with solute molecules. Here, the interactions of pMA with the IL seem to be
comparable to those of AN, leading to similar diffusion behaviour.
3.2.4 Mass transport in micromixers
Measurement of mass transport in different mixers
As shown above, mass transport is slow in IL - solvent biphasic systems (diffusion times
up to > 10 h, mixing times in Nitsch cell up to 0.5 h). This can be a problem for fast
reactions carried out in such systems. In case of mass transfer limitations of the biphasic
reaction, mass transport must be accelerated in order to increase the productivity of a
reaction. Beside the possibility of decreasing the IL viscosity (addition of second solvent
or increase of temperature), the concentration gradient can be increased by a decrease
of the distance of both phases. This concept is realised in Microreaction technology
using mixing devices with very narrow channels. This can lead to several advantages
which were already mentioned before (see chapter 2.3).
In order to investigate mass transport in micro mixers, a setup was chosen incorporat-
ing dosage of both liquid phases, mixing, a residence time module as well as sampling
and GC analytics. The setup is shown in Figure 3.21. With this setup, the solute
concentration of the mixture after the residence time module was investigated as func-
tion of residence time in the mixer. According to the results obtained from diffusion
measurements, mass transport in the sampling vial was neglected due to the small
interfacial area and the slow diffusive mass transport. So the transferred amount of
solute was completely attributed to mixing inside the mixer or the 1/16” capillary. The
results of these measurements for the model system [EMIm]EtSO4 / toluene are shown
in Figure 3.22.
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Figure 3.21: Flow chart of the setup for the investigation of mixing efficiency
in the Ehrfeld cascade mixer or other mixers
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Figure 3.22: Comparison of diffusion and mixing of pMA in the Ehrfeld cascade
mixer for [EMIm]EtSO4 / toluene, T=298 K, cpMA,0=1 mol L
−1
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Figure 3.23: Comparison of mixing of AN in the Ehrfeld cascade mixer and a
Nitsch cell for [EMIm]EtSO4 / toluene, T=298 K, cpMA,0=1 mol L
−1
The measurements show that the extraction in the micromixer is significantly faster
than by diffusion or conventional convective mixing. Compared to convective mixing
with a magnetic stirring bar (with a stable interface and without the formation of
an emulsion), similar concentrations of pMA in the solvent phase are reached within
a 500 times shorter residence time. While diffusion takes > 10 h, the mixing in the
micromixer takes some minutes to reach equilibrium concentrations. Compared to
mixing in the Nitsch cell the micromixer is still better. While the mass transfer process
in the Nitsch cell takes 25 min, the transfer in the cascade mixer is complete after a
residence time of approximately 1 min, so the extraction in the microstructured device
is even more effective than a vigorous stirring of both phases. A 20 fold increase of
mass transfer rates compared to the Nitsch cell were found for the micromixer.
When looking at the results of the extraction experiments the question arises if the
mixing takes place in the mixer or rather in the capillary due to inner circulations (see
Figure 2.9, section 2.3.2). In order to answer this question similar extraction experi-
ments with AN in the system [EMIm]EtSO4 / toluene were carried out using different
mixers:
• Ehrfeld Mikrotechnik Cascade mixer
300µL inner volume, IDmax = 500µm
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Figure 3.24: Comparison of mixing of AN in three different mixers for
[EMIm]EtSO4 / toluene, T=298 K, cAN,0=1 mol L
−1, Lcapillary=89 cm
• Upchurch Scientific T-piece connector
3µL inner volume, IDmax = 500µm
• Upchurch Scientific Y-piece connector
14µL inner volume, IDmax = 500µm
In addition, the influence of the capillary was investigated using capillaries of two
different lengths. The setup was already shown in Figure 3.21. The comparison of the
different mixer types (see Figure 3.24) shows surprising results. No clear difference can
be found between the three mixers. The concentration of AN obtained after mixing
show the same dependence on the residence time for all mixers. The equilibrium con-
centrations are reached within residence times of 1 to 2 min. The cascade mixers shows
a slightly higher concentration for short residence times. This can be explained with
the inner volume of the mixers. The volume of the cascade mixer (300µL) is much
higher than of the T- (3µL) and Y-shape connector (14µL). In order to obtain the
same residence times, the flow rates in the cascade mixer are higher and therefore the
amount of energy transferred to the liquid is higher than for the lower flow rates, which
leads to a slight increase of concentration.
When looking at the results obtained with a shorter capillary (Figure 3.25, Fig-
ure 3.26), a similar behaviour is found when comparing the cascade mixer and the
T-shape mixer for short residence times. Differences can be found for longer residence
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Figure 3.25: Comparison of mixing of AN in two different mixers with
a short capillary for [EMIm]EtSO4 / toluene, T=298 K, cAN,0=1 mol L
−1,
Lcapillary=11.8 cm, measured in toluene
times. The cascade mixer yields slightly higher concentrations. From this behaviour it
can be concluded that main extraction takes place in the capillary after initial contact
of the two phases in a mixer. In the cascade mixer the contact seems to be more intense
leading to a better performance when a short residence time module is used (30% higher
concentrations for similar residence times). For the T-shape mixer the residence time is
not sufficient due to the low inner volume of this mixer. Diffusion is too slow to reach
equilibrium concentration (for AN the equilibrium concentration is 0.73 mol L−1 in the
IL and 0.27 mol L−1 in toluene; measured in [EMIm]EtSO4/toluene at 298 K). When
using longer capillaries, the internal circulation inside the liquid slugs accelerates the
mass transport to the interface and therefore no difference is found for different mixers.
An interesting aspect is that the extraction in microstructured devices is independent
of the direction of the mass transport. When comparing to the pure diffusion (see
Figure 3.20), clear differences are obvious. With pure diffusion, the mass transfer from
the IL into the solvent is much faster due to Marangoni convection. In micromixers this
phenomenon seems to be not present, although a visual inspection is not possible. As a
result of the absence of the Marangoni effect, in both transfer directions the equilibrium
concentrations are reached within < 1 min residence time.
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Figure 3.26: Comparison of mixing of AN in two different mixers with
a short capillary for toluene / [EMIm]EtSO4, T=298 K, cAN,0=1 mol L
−1,
Lcapillary=11.8 cm, measured in toluene
From these results it can be concluded that for the presented system it is sufficient
to use a simple mixer and a longer capillary to obtain the best results with least effort
(predominantly in terms of costs).
Studies of the properties of biphasic flows in capillaries
More detailed studies were carried out concerning the flow properties of biphasic flows
in capillaries. To do so, photos of the capillary were taken during the operation and
analysed with respect to slug length, slug size distribution as well as the stability of
the flow pattern. In our studies, mainly three different flow patterns were found, which
were also mentioned in literature [102; 103].
• slug flow (analogous to Taylor flow in gas-liquid biphasic systems)
• bubbly flow (small bubbles dispersed in a continuous phase)
• annular flow (one liquid film on the wall, one fluid stream in the centre of the
capillary)
All flow patters were observed. Figure 3.27 shows photos of these three flow patterns.
Slug flow was the dominant flow pattern for a 1:1 flow of both phases. The IL formed
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Figure 3.27: Photos of different flow patterns in a 1/16” FEP capillary,
[EMIm]EtSO4 / toluene, T=298 K
the liquid slugs whereas the organic solvent stayed between them as well as on the
walls. This fits well to the fact that the liquid with the lower viscosity rather stays on
the walls. This leads to a minimum shear stress. Moreover, the organic solvent is less
polar (toluene = 2.4, [EMIm]EtSO4 = 27.6, see Table 3.1) and therefore is attracted by
the unpolar perfluorinated polymer tubing.
The flow patterns differ in terms of interfacial area, but the difference is relatively
small. For a common slug flow profile (average bubble length of 1-3 mm), the interfacial
area incorporating the interface between the liquid film on the wall and the liquid
slug, is 2400 m
2
m3
. For annular flow, assuming a 1:1 flow stoichiometry, the obtained
specific interfacial area is 2800 m
2
m3
. The interfacial area for bubbly flow is lower with
2500 m
2
m−3 . From the specific area point of view the annular flow is best, but since
internal circulations in the slug flow profile help to increase mass transfer (especially
the additional convection inside the IL slugs), the work was focused on this flow regime.
The uniformity of the slug lengths is dependent on the flow rate. In the presented
studies, the most uniform flow was reached for low flow rates (see Figure 3.28). The
bubble size increased from < 1 cm to > 10 cm when increasing residence time from
0.5 min to 4.5 min. This shows that significant coalescence is present for low flow rates.
Moreover, the lower flow rate results in lower energy transfer to the liquid. To prove the
presence of coalescence and to obtain information about the stability of the biphasic
flow photos of the flow patterns (not for individual slugs) were taken at two different
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Figure 3.28: Bubble size distribution in dependence on the flow rate with a
short capillary for [EMIm]EtSO4 / toluene, T=298 K
positions of the capillary (see Figure 3.29). A parity plot of the bubble size after 55 cm
vs. the bubble size after 12 cm shows larger slug lengths at the end of the residence
time module compared to those observed after 12 cm. This corresponds to an increase
of bubble size with residence time and indicates that the flow is not stable.
Measurement of pressure drop
When applying microreaction technology for chemical synthesis, it is important to chose
a setup with a minimum pressure drop, especially when working with liquids of high
viscosities. According to the Hagen-Poiseuille equation (see (3.5)), the pressure drop is
proportional to the viscosity of the liquid η, the flow velocity vmax as well as the radius
of the channel r and the channel length L. A decrease in channel diameter causes an
increase in pressure drop (∝ r−4) for a given volume flow rate.
For the measurement of the pressure drop and its dependence on the flow rate an
additional 3-way valve was installed and the liquid was recirculated (see Figure 3.30).
The pressure drop was measured during in the recycle stream, whereas the flow rate
was determined in a once-through mode (switch of valve).
Using the cascade mixer as microstructured device moderate pressure drops (< 4 bar)
are obtained for volume flows up to 14 mL min−1 and IL with low to medium viscosities
(< 50 mPa s). The minimum inner diameter of this mixer is around 500µm, so the
pressure drop is acceptable for a continuous operation (see Figure 3.31). For higher
viscosities greater than 100 mPa s pressure drop is higher than 5 bar, even at low flow
rates smaller than 1 mL min−1. Therefore an operation with reasonable flow rates is
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Figure 3.29: Bubble size distribution at different positions of the capillary for
[EMIm]EtSO4 / toluene, T=298 K
not possible. The cascade mixer can be regarded as a ’best case’ due to its large inner
diameter. For other mixer types like interdigital mixers (channel diameter often <
100µm), higher pressure drops can be expected for the given flow rates.
∆p =
4ηLvmax
r2
(3.5)
3.2.5 Summary
It was shown that diffusive mass transport in IL and their mixtures is slow compared
to mass transfer in common organic solvents. This is due to the high viscosities as one
major drawback of IL. Overall mass transport between two liquid phases IL / organic
solvent was limited by the IL side bulk diffusion. The mass transfer coefficients were
dependent on the viscosity of the IL phase, according to the Stokes-Einstein equation.
Mass transport can be accelerated by stirring in the biphasic system. This way, mass
transfer rates can be increased 20 fold leading to characteristic times for complete mass
transfer of approximately 30 min. For very fast reactions, this can still be a limitation,
which must be overcome to prevent mass transfer limitations. This can be achieved
by application of microstructured mixers. It was shown that simple capillaries and T-
or Y-connectors already increase the mass transfer rates. A combination with more
special mixing structures, like split-and-recombine or interdigital structures, leads to
a further intensification of mixing. Typical mixing times are in the range of < 1 min.
Mixing in micromixers is still 20 fold more effective than mixing in the Nitsch cell,
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Figure 3.30: Setup for the determination of the pressure drop with different IL
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Figure 3.31: Measurement of the pressure drop with different IL in the cascade
mixer, T = 298 K
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which already presents ’best case’ for common convective mixing. Micromixers showed
a great potential for IL systems, although pressure drop was significantly higher than for
common solvents. For suitable structures like presented in the cascade mixer (smallest
diameter 500µm), pressure drop can be handled for low viscosity IL. With this mixer,
high throughputs can be achieved being one prerequisite for pilot scale applications.
Simple connectors in combination with thin capillaries are also suitable. This offers a
cheap but efficient alternative to commercially available mixers.
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3.3 Monophasic Friedel-Crafts Acylation reactions in
Ionic Liquids
3.3.1 Analytical methods for the monophasic Friedel-Crafts
acylation of AN
In order to evaluate and to characterise chemical reactions and their performance prop-
erly, one has to make sure that reliable information is used. In order to achieve this
for the present reaction system, different analytical methods were tested and validated.
Here, both accuracy as well as degree of experimental complexity of the analytical
method were taken into account. Thus it was tried to ensure that reliable information
are obtained with minimal experimental effort as basis for further argumentations.
In the above mentioned studies in biphasic systems GC was the method of choice to
analyse reaction mixtures or to monitor diffusion processes. The reaction was carried
out in the IL phase and afterwards (or simultaneously) the substrate - product mixture
was extracted from the IL phase. The use of different solvents for the extraction of
the products from the IL was described by some authors. Examples are sc CO2 and
common organic solvents like toluene [135]. An obvious disadvantage of this procedure
is that the extraction is dependent on the partition behaviour of the solutes and that it
is very laborious. Therefore further analytical methods were tested that could be used
for in situ monitoring of the reaction or that could be applied to the crude reaction
mixture including IL, catalyst and the dissolved substrates and products.
NMR analytics
The first analytical method being applied was NMR. With the help of offline NMR mea-
surements the reaction mixtures could be analysed after dissolution in an NMR solvent
(like chloroform-d, dichloromethane-d2 or acetone-d6). Small volumes of samples were
enough for an accurate analysis. This also allowed the monitoring of concentration-time
profiles of reactive mixtures. The respective signals used for the quantification will be
shown later (see chapter 5.3). One drawback of this method when applied to biphasic
reactions is that samples are removed from the reaction mixture. This can be disad-
vantageous since phase-volume ratio and interfacial area are changed. Moreover the
amounts taken for an NMR sample are too high if only small volumes of the reaction
mixture are provided. In such cases in situ NMR can be used. Here, the reaction is car-
ried out in a suitable NMR tube inside the NMR setup. With this technique reactions
in small scales can be monitored without disturbing the systems by the sampling proce-
dure. This method can also be applied for temperature variations for the investigation
of activation parameters of the reaction.
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UV-VIS analytics
As already mentioned above (see section 3.2.3), both AN and pMA show a strong
absorption of light in the UV-VIS region with maximum absorptions at 260 nm and
300 nm. At longer wavelength the absorption of AN can be neglected whereas the
absorption of pMA is still strong enough to yield a detectable signal. This allows a
monitoring of the reaction by UV-VIS spectroscopy. Moreover the reaction mixtures
show a very strong coloration changing between green, yellow and deep red / brown,
depending on the catalyst and the amount of product inside the mixture. This coloration
can also be monitored by UV-VIS spectroscopy. Since this analytical method is very
simple, can be used inline and is sensitive, it is the method of choice here.
This method can be applied inline by using dip probes. This allows a monitoring
of the absorbance of a reaction mixture over reaction time. Another possibility is
the use of a multiplate reader. This tool allows the simultaneous UV-VIS monitoring
of up to 80 reactions. The measurement is restricted to small scale reactions (up to
300µL) operated at mild temperatures since the reaction vessels are open and allow
an evaporation of the solvent. If these conditions are suitable for the reaction, the
qualitative monitoring as well as quantitative measurements (after a calibration) are
very simple.
First attempts showed that the present system was well suitable for the multiplate
reader. The reaction mixtures were diluted with dichloromethane in order to decrease
the demand for IL and to investigate the influence of solvents (different IL as well as
common solvents) on the outcome of the reaction. In this setup, the reaction orders in
AN, Ac2O and catalyst as well as the influence of the IL could be studied.
IR analytics
One problem occurring during the UV-VIS measurements was the dependence of the
extinction coefficients e on the concentration of IL. This leads to a high experimental
effort of the measurements since for every IL concentration e has to be determined. In
order to overcome this problem IR measurements were carried out for an investigation of
the influence of the IL on the reaction. IR is a suitable method for many applications and
can also be applied at higher pressures by using ATR dip probes connected to common
high pressure autoclaves [38; 79]. Some test experiments showed that a monitoring of
the FC-Ac is possible with mid-IR measurements. For each component in a reaction
mixture (AN, pMA, Ac2O and AcOH) distinct wavenumbers could be found. Thus the
measurements could be qualitatively characterised with respect to all of these species.
An exemplary spectrum is shown in Figure 3.32. A quantification was not carried out
for the present system. Therefore only relative information were obtained with this
technique (see section 3.3.5).
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Figure 3.32: IR spectrum of a reaction mixture with In(OTf)3 in [EMIm]NTf2
/ dichloromethane
3.3.2 Investigation of different catalysts and IL
Different catalysts that are suitable for the Friedel-Crafts acylation of AN are known.
Among them are many lanthanide salts (La, Sm, Gd etc.), but also transition metals
like In, Sn, Bi, Cu and Zn [15; 18; 26; 30; 40; 41; 45; 69; 97]. Apart from Cu and
Sn, which were tested in first generation IL like [BMIm]BF4, only few catalysts have
been tested in later generation IL with anions like NTf2
−. At the ITMC, investiga-
tions about the performance of different catalysts in the continuous biphasic system
IL / scCO2 were carried out [136]. Here, different catalysts and different IL (predomi-
nantly [BMPyr]NTf2) were tested and evaluated with respect to catalyst stability and
productivity.
In the present studies first experiments were carried out with [EMIm]NTf2. In this
IL different catalysts were tested. The most active catalysts were In and Hf, followed
by Cu, Sc, Ce and Bi. Other metals like Yb, Nd, Zn, Gd, Sm and La showed a
rather low activity at the chosen temperatures and concentrations of AN and Ac2O
(see table Table 3.7)
These results show a larger difference between the catalysts than observed by Zayed
et al. [136]. In their studies, the difference in TOF between In and La was 49%,
whereas in our studies (using [EMIm]NTf2 instead of [BMPyr]NTf2 under monophasic
conditions and lower temperatures) It was more than 5000 fold more active. A trend
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Table 3.7: Comparison of the activity of different metal triflate salts in
[EMIm]NTf2
high product TOF / medium product TOF / low product TOF /
activity content h−1 activity content h−1 activity content h−1
In 44 % 35.5 Bi 34 27.4 Yb 9 7.3
Hf 42 % 33.8 Ce 33 26.6 Nd 6 4.8
Sc 28 22.6 Zn 5 4.0
Y 20 16.1 Gd 3 2.4
Cu 19 15.3 Sm 2 1.6
La 1 0.8
All results were obtained by NMR spectroscopy; T = 299 K, reaction time 30 min,
cAN = 1.33 mol L
−1 cAc2O = 0.68 mol L
−1, ccat = 0.033 mol L−1
with respect to a dependence of activity on the properties of the metal salt (element
number, oxidation state etc.) cannot be observed.
In further studies, In(OTf)3 was used as active catalyst while different IL were in-
vestigated. Different IL were compared with respect to their influence on the activity
of the catalysts. In addition, IL with different anions and cations were tested in or-
der to get information about the influence of the ions on the catalyst. The tested IL
were [BMIm]BF4, [BMPyr]NTf2, [EMIm]NTf2, [EMIm]EtSO4, [O3MN]NTf2 and Am-
moEng 100.
The results show a dependence of the activity (TOF) on the anion of the IL. Strongly
coordinating anions like EtSO4
−, MeSO4
− or BF4
− had a negative effect on the activity
of the catalyst. Weakly coordinating anions like NTf2
− are beneficial for the activity.
This is in line with results obtained by Song et al. [104] and Gmouh et al. [40].
They found an activation of Sc and Bi salts in IL incorporating the NTf2
−, PF6
− or
SbF6
− anion, whereas the use of BF4
− or OTf− resulted in a decrease of activity in
the alkenylation and benzoylation of aromatics. The influence of the cation is less
pronounced leading to similar activities for all IL containing the NTf2 anion, except
[O3MN]NTf2. The results are shown in Table 3.8
In(OTf)3 as catalyst led to a high activity with a TOF of > 13 h
−1 in the NTf2 IL (see
Table 3.8). In order to test if In(OTf)3 shows high activities in IL with more strongly
coordinating anions, different catalysts were tested in [BMIm]BF4. Here, it was tested
if the same trend for the catalyst activity is obtained.
In fact the trend is the same and In proved to be the metal with the highest activity
towards the desired reaction. Compared to Y, Sc and Cu, a stronger increase of the
product concentration over time is obtained (see Figure 3.33). The TOF is 0.35 h−1.
This is higher than for the other catalysts (0.15 - 0.28) but significantly lower than for
In(OTf)3 in [EMIm]NTf2. The differences between the results shown in Table 3.8 and
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Table 3.8: Comparison of the activity of different IL using In(OTf)3 as catalyst
IL product content / % TOF / h−1
[BMIm]BF4 1.3 % 0.9
[BMPyr]NTf2 17.6 % 13.5
[EMIm]NTf2 22.8 % 16.9
[EMIm]EtSO4 2.0 % 1.6
[O3MN]NTf2 8.6 % 6.9
AmmoEng 100 < 1 % > 0.8
All results were obtained by NMR spectroscopy; T = 299 K, reaction time 30 min,
cAN = 1.30 mol L
−1 cAc2O = 0.69 mol L
−1, ccat = 0.033 mol L−1
Figure 3.33 are probably due to differences in water content, since the IL was not kept
under inert atmosphere.
Beside the activity the catalyst stability in the monophasic reactions was investigated
since this aspect is essential for a continuous operation. To do so, repetitive batch
experiments were carried out. After a reaction the IL phase was extracted with toluene
as solvent. This was done in order to remove traces of substrates and products. After
evaporation of the dissolved toluene in vacuo, the catalyst phase was reused. The results
of these studies for In, Hf and Cu are shown in Figure 3.34.
A significant decrease of the residual activity is present. The stability of Hf is slightly
lower than of In with a drop of activity between the first and the third run of 11%
compared to 8% for In. The stability of Cu could not be quantified since no clear trend
was obtained.
Possible explanations for the drop in conversion can be a deactivation of the catalyst
or a decrease of catalyst concentration due to a leaching. From the present results it
cannot be concluded whether a catalyst deactivation was the reason for the decrease in
activity or if during the extraction procedure catalyst and IL leached out of the catalyst
phase. In fact, the toluene phase was slightly coloured giving hint to an extraction of
the catalyst during the recycling procedure. Therefore, further test concerning the
stability of the catalyst were carried out by means of a continuous operation later on
(see section 3.4.2).
3.3.3 Kinetic model the Friedel-Cafts Acylation of Anisole
Reaction orders of AN and Ac2O in dichloromethane and [EMIm]NTf2
After the first characterisation of the catalysts activity and stability and the IL influence,
kinetic measurements were carried out. The reaction orders of the reaction with respect
to AN, Ac2O and the catalyst were determined in first experiments. This was done by
UV-VIS spectroscopy in the multiplate reader. In the experiments the concentration
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Figure 3.33: Comparison of the activity of different catalysts in the monopha-
sic reaction in [BMIm]BF4 T=299 K, cAN=1.30 mol L
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Figure 3.34: Recycling of different catalysts in [EMIm]NTf2, T=299 K, reaction
time 30 min, cAN=1.30 mol L−1, cAc2O=0.69 mol L
−1, ccat=0.03 mol L−1
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of all species except the one under investigation were kept constant. Ideally, all but
one substances are present in excess (quasi-stationary state). Concerning this aspect,
the restrictions in concentration can be mentioned as the major drawback of UV-VIS
spectroscopy in the multiplate reader. The concentrations of AN and pMA must not be
too high because otherwise the absorption is at its saturation and changes or differences
in concentrations cannot be detected anymore. Therefore the concentration of AN had
to be kept low, also for the variation of Ac2O. Moreover the reaction must be fast
enough in order to minimise the error due to evaporation of solvent. This requires
rather high concentrations of the substrates. In total this led to experiments in which
Ac2O was used in excess, also for the determination of the reaction order in Ac2O and
keeping the other concentrations at a minimum.
For a quantification of the absorption-time profiles obtained from the UV-VIS spec-
troscopic measurements a calibration was carried out for AN and pMA. None of the
other components (neither Ac2O nor the catalyst) showed any significant absorption in
the relevant spectral region (280 - 400 nm).
The calibration for AN in dichloromethane is shown in Figure 3.35. The calibration
shows a significant absorption of AN for wavelengths up to 270 nm, whereas the signal
at longer wavelengths (> 280 nm) is negligible. The calibration of pMA shows a shift to
longer wavelengths. This leads to significant extinction coefficients up to a wavelength
of 330 nm. As shown in Figure 3.36 the concentrations of the solute were low indicating
the high sensitivity of this analytical method.
All variations of the concentrations of AN and Ac2O were carried out in the system
[EMIm]NTf2 / dichloromethane with In(OTf)3 as catalysts. This catalytic system was
chosen as model system due to its beneficial performance shown before. In general, for
the initial reaction rate a common rate law can be assumed according to equation (3.6)
[75]
r = kR c
n
A c
m
B c
o
C ... (3.6)
If different reaction rates r1 and r2 are measured for reactions with similar concen-
trations except one (e.g. cA), the ratio of both rates is
r1
r2
=
kR c
n
A,1 c
m
B c
o
C ...
kR cnA,2 c
m
B c
o
C ...
=
cmA,1
cmA,2
(3.7)
By calculating the logarithm of this expression one obtains
ln
r1
r2
= ln
cmA,1
cmA,2
= mln
cA,1
cA,2
→ m = ln
r1
r2
ln
cA,1
cA,2
(3.8)
When plotting ln r1
r2
versus lncA, a linear graph is obtained with the slope m.
According to this procedure the results of the UV-VIS measurements were analysed
and lead to a reaction order in AN as well as in Ac2O of 1 (see Figure 3.37). This
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Figure 3.35: Calibration of AN in dichloromethane in the multiplate reader,
T=298 K, total volume = 220µL, path length normalised to 1 cm
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Figure 3.36: Calibration of pMA in dichloromethane in the multiplate reader,
T=298 K, total volume = 220µL, path length normalised to 1 cm
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Figure 3.37: Graphical determination of the reaction order of AN
in [EMIm]NTf2 / dichloromethane, T=298 K, cAc2O = 0.618 mol L
−1,
cIL = 0.883 mol L−1, ccat = 0.03 mol L−1
reaction order was obtained for the measurement at 290, 310 and 330 nm showing the
good accuracy of the measurements. The measurements were carried out with In(OTf)3
as well as InCl3. Table 3.9 shows all results of the determination of the reaction orders
using different catalysts in [EMIm]NTf2 / dichloromethane.
Here, similar results are obtained with both catalysts. This shows that the rate
determining step does not change when changing the anions of the catalyst salt from
OTf− to Cl−. Moreover it can be argued if the same Indium species is present in
the reaction mixture and if the salts are only precursors for an in situ formed Indium
species. This will be discussed later with respect to the influence of the IL on the
reaction performance (see section 3.3.5)
Reaction order of the catalyst in dichloromethane and [EMIm]NTf2
In further experiments the reaction order with respect to the catalyst was determined.
This was carried out with two different catalysts, In(OTf)3 and InCl3. Again [EMIm]NTf2
/ dichloromethane was chosen as solvent system. The dependence of ln r1
r2
on the con-
centration is shown in Figure 3.38 for InCl3. Like described above, the reaction order is
displayed by the slope of this plot. The resulting reaction orders for the used catalysts
are shown in Table 3.10.
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Table 3.9: Reaction orders in AN and Ac2O for the Friedel-Crafts acylation in
dichloromethane / [EMIm]NTf2
substrate catalyst reaction order reaction order reaction order average
at 290 nm at 310 nm at 330 nm
AN In(OTf)3 1.02 1.20 1.13 1.12
AN InCl3 0.88 0.94 1.09 0.97
Ac2O In(OTf)3 1.14 1.37 0.99 1.17
Ac2O InCl3 1.21 1.27 1.18 1.22
T = 298 K, cIL = 0.860 mol L
−1, ccat = 0.018 mol L−1
Table 3.10: Reaction orders in the catalyst for the Friedel-Crafts acylation using
[EMIm]NTf2 / dichloromethane
catalyst reaction order reaction order reaction order average
at 290 nm at 310 nm at 330 nm
In(OTf)3 n.d. 1.06 1.17 1.15
InCl3 0.73 1.36 1.43 1.17
T = 298 K, cAN = 0.052 mol L
−1, cAc2O = 0.357 mol L
−1, cIL = 0.860 mol L−1
The values differ from each other and lead to an average reaction order of 1. For
In(OTf)3, a dependence on the chosen wavelength can be observed. But still, a rough
estimation of the reaction order is possible and yields feasible results for an overall
kinetic model.
The mechanism proposed by Dzudza et al. for the acylation of AN with lanthanide
triflates in nitromethane leads to reaction orders of 1 for all mentioned species [29]. This
was found to be valid also for the system In(OTf)3 and InCl3 in the IL [EMIm]NTf2.
This allows the assumption that a similar mechanism is likely to be present in our
reaction system.
The influence of the catalyst anion is displayed by the difference in reaction rates for
InCl3 and In(OTf)3. InCl3 is less active than In(OTf)3. The reaction rate is lower for the
chloride salt since the strongly coordinating chloride anion is likely to decrease the Lewis
acidity of the metal centre (see Figure 3.39). In [EMIm]NTf2 the activity still is high,
which indicates that either the catalyst is still present as InCl3 or an anion exchange
takes place leading to structures InCl3−n(NTf2)n. In order to check if this finding is
valid, the reaction was also carried out in [EMIm]Cl to investigate the effect of chloride
anions on the reaction rate. These results will be presented later (see section 3.3.5).
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Figure 3.38: Graphical determination of the reaction order for InCl3 in
[EMIm]NTf2 / dichloromethane, T = 298 K, cAN = 0.052 mol L
−1, cAc2O =
0.357 mol L−1, cIL = 0.860 mol L−1
3.3.4 Reaction kinetics of the Friedel-Crafts Acylation
When dealing with reaction kinetics it is essential to investigate the activation param-
eters of the given reaction, i.e. activation energy as well as free activation enthalpy.
This information can be obtained by comparison of the reaction rates or rate constants
at different temperatures. In order to do so, the reaction with In(OTf)3 as catalyst in
[EMIm]NTf2 was investigated at temperatures between 283 and 333 K. Thermostatted
GC vials with the reaction solution were used and NMR samples were taken during the
reaction. In order to minimise the disturbing effect of evaporation during sampling pro-
cedure, the reaction vessels were kept closed and no additional organic solvent was used.
The results of the measurements are shown as typical Arrhenius plots (see Figure 3.40
and Figure 3.41).
The measurement yielded an activation energy EA of 42.0± 0.8 kJ mol−1. This value
fits well to literature data for typical Friedel-Crafts reactions. Some examples for acti-
vation energies using different catalyst and solvent systems are shown in Table 3.11.
The free activation enthalpy and the free activation entropy were determined accord-
ing to Eyring theory. These values are obtained from a plot of lnkR
T
versus 1
T
according
to the well known Eyring equation (see equation (3.9) [127] and Figure 3.42).
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Figure 3.39: Comparison of the activities of InCl3 and In(OTf)3
in dichloromethane / [EMIm]NTf2, T=298 K, cAN = 0.052 mol L
−1,
cAc2O = 0.357 mol L
−1, cIL = 0.860 mol L−1
Table 3.11: Activation energies for common Friedel-Crafts acylations
catalyst substrate acylation reagent activation energy/ reference
kJ mol−1
In(OTf)3 AN Ac2O 42.0 present studies
Yb(OTf)3 AN Ac2O 54.0 Dzudza 2008
[29]
H3PW12O40 AN Ac2O 41 Kaur 2002
[63]
on SiO2
H-β zeolite AN Ac2O 46 Derouane 1999
[23]
In(OTf)3 AN Bn2O 58 Goodrich 2006
[41]
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Figure 3.40: Temperature dependence of the Friedel-Crafts acylation of AN
with In(OTf)3 in [EMIm]NTf2, cAN = 1.33 mol L
−1, cAc2O = 0.67 mol L
−1,
cIn(OTf)3 = 0.03 mol L
−1
0.0031 0.00315 0.0032 0.00325 0.0033
T -1 / K-1
-3
-2.75
-2.5
-2.25
-2
-1.75
-1.5
ln
 k
 / 
-
y = -5047.29*x + 13.88
Figure 3.41: Arrhenius plot of the Friedel-Crafts acylation of AN with In(OTf)3
in [EMIm]NTf2, cAN = 1.33 mol L
−1, cAc2O = 0.67 mol L
−1, cIn(OTf)3 =
0.03 mol L−1
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Figure 3.42: Eyring plot of the Friedel-Crafts acylation of AN with In(OTf)3
in [EMIm]NTf2, cAN = 1.33 mol L
−1, cAc2O = 0.67 mol L
−1, cIn(OTf)3 =
0.03 mol L−1
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(3.9)
with the rate constant kR, activation enthalpy ∆H
∗, the free activation entropy
∆S∗, the ideal gas constant R ( = 8.315 J K−1 mol−1), the Boltzmann constant kB
( = 1.381·10−23 J K−1) and the Planck constant h (= 6.626·10−34 J s).
The resulting value for ∆H∗ is 39.4 ± 0.8 kJ mol−1, the value for ∆S∗ is -138 ±
6 J K−1 mol−1. The obtained values of the activation enthaply and free activation en-
tropy fit well to literature (∆H∗ = 50 kJ mol−1 and ∆S∗ = -44.8 e.u. [29]). These values
indicate that the reaction is rather fast (small values of the activation enthalpy) and
that the transition state is strongly ordered and inflexible (strongly negative values of
the activation entropy).
3.3.5 Influence of the IL on the outcome of the reaction
UV-VIS measurements in the multiplate reader
One of the most important aspects in the present studies was the influence of the IL,
especially the anions, on the reaction. It was shown before that the anion of the IL
has a strong effect on the conversion at given conditions and reaction times (see sec-
tion 3.3.2). In the following studies differences in performance were investigated during
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Figure 3.43: Comparison of absorption spectra of pMA in different IL / solvent
mixtures, cpMA = 0.024 mol L−1, total volume = 220µL, path length nor-
malised to 1 cm
the reaction by in situ UV-VIS spectroscopy on the microplate reader and different
other spectroscopic methods.
The first investigations concerning the influence of the IL on the reaction rate were
carried out with UV-VIS spectroscopy. In these studies, the reaction was carried out
with different concentrations of IL using three different IL in order to get information
about the anion influence. The IL were [EMIm]NTf2, [EMIm]OTf and [EMIm]Cl (the
latter is a solid but could be applied after dissolution in dichloromethane similar to the
reactions with the other IL).
For the calibration of pMA in dichloromethane with different concentrations of added
[EMIm]NTf2 it was found that a high IL concentration led to stronger absorptions and
higher extinction coefficients (see Figure 3.43). A calibration was therefore carried out
with different concentrations of IL, both for [EMIm]NTf2 and [EMIm]OTf. The results
of the measurements are shown in Figure 3.44.
Both systems show a strong influence of the IL concentration on the extinction co-
efficient. [EMIm]NTf2 lead to a weaker absorption than [EMIm]OTf (see Figure 3.44).
The measurements can be approximated by a hyperbolic dependence of the extinction
coefficient on the IL concentration. The values show a large error, but the accuracy is
sufficient to obtain qualitative information about reaction rates in different IL / solvent
mixtures. The data were fitted with a hyperbolic function for further calculations of
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Figure 3.44: Comparison of the calibration of pMA in dichloromethane / IL in
the multiplate reader with different IL, T=298 K, total volume = 220µL, path
length normalised to 1 cm
reaction rates during the kinetic experiments. The following reactions carried out with
different IL concentrations incorporate the approximated extinction coefficient for the
respective IL contents.
In order to investigate the IL influence on the reaction rate, two different sets of
reactions were carried out. First, the concentration of [EMIm]NTf2 in a solution with
dichloromethane was varied together with the concentration of catalyst. Then a mea-
surement with constant IL concentration and variation of the catalyst concentration was
carried out. By comparing the rates with constant IL and varying IL concentration,
the effect of the IL on the rate can be shown.
The results display no clear dependence of the reaction rate on the amount of IL in
the mixture (see Figure 3.45). This shows that the interactions between the catalyst
and the NTf2 anion are rather weak and that the influence of the IL on the catalyst
can be neglected. This is not in line with the observations made by Goodrich et al.
who found that for low concentrations of the IL (0 - 0.65 mol L−1), an increase of IL
concentration leads to an increase of reaction rate, although the addition of IL leads to
a decrease of substrate and catalyst concentration [41]. This was done for the benzoy-
lation of AN with In(OTf)3 as catalyst with [BMIm]NTf2. This could not be revealed
by our measurements in the system FC-Ac of AN using In(OTf)3 in [EMIm]NTf2 /
dichloromethane.
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Figure 3.45: Influence of the concentration of [EMIm]NTf2 on the reaction
rate using In(OTf)3 and InCl3, cAN = 0.052 mol L
−1, cAc2O = 0.357 mol L
−1,
ccatalyst = 0.01 mol L−1
With [EMIm]OTf as IL, an unexpected trend for the dependence of the rate on the IL
concentration can be seen (see Figure 3.46). The reaction rate seems to exponentially
increase at higher IL concentrations. This behaviour cannot be explained since this IL
was already shown to be disadvantageous for the reaction. Moreover, a blind activity of
the IL can be excluded according to control measurements. This leads to the assump-
tion that the measurements are not accurate enough to show any trends because the
change in absorption is too low for the reaction in [EMIm]OTf and thus the error is too
high. Moreover the estimated extinction coefficient may be too low leading to higher
concentrations obtained from the calculation. The systematic trend therefore might be
caused by errors or changes of the extinction coefficient.
So a real trend of the reaction rate with different IL concentrations still could not
be found with this method. Therefore, other analytical methods had to be taken into
account that are not influenced by the IL (see section 3.3.5).
A comparison of reactions in two IL with different anions shows that in spite of
the higher extinction coefficient in [EMIm]OTf the change of absorption over time was
weaker than in [EMIm]NTf2 (see Figure 3.47). So the reaction proceeds much slower in
this IL.
This behaviour can be explained by a coordination of the OTf− anion to the catalysts.
This leads to a catalyst complex In(OTf)4
−, which is less active for the reaction. This
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Figure 3.46: Influence of the concentration of [EMIm]OTf on the reaction rate
using In(OTf)3, cAN = 0.052 mol L
−1, cAc2O = 0.357 mol L
−1, cIn(OTf)3 =
0.01 mol L−1
theory fits well to the fact, that IL with strongly coordinating anions decrease the
activity by coordination to the metal centre and decreasing Lewis acidity.
In order to verify whether the coordination capability of the IL anion is essential
for the activity of the catalyst, the corresponding chloride IL was tested. In fact,
measurements in this IL showed that the reaction does not proceed at all. This indicates
that a complete complexation of the In centres by Cl− is likely to be present. Resulting
complexes might have the structure In(OTf)3−nCl−n+1. The exact coordination sphere of
the metal cannot be predicted but the resulting activity in the FC-Ac is clearly governed
by the coordination of the anion to the metal (see Figure 3.48). If the equilibrium is
on the side of the metal with four coordinated anions, the activity is lost. With weaker
coordination, the concentration of the metal with free coordination sites increases and
the resulting catalyst mixture displays an increasing activity in the FC-Ac.
Investigations with further analytical methods
In order to clarify the dependence of the reaction rate on the IL concentrations, analyti-
cal methods were used that do not show a change of the signal with the IL concentration
(opposed to UV-VIS). So similar experiments were carried out using in situ NMR spec-
troscopy and in situ ATR-mid IR spectroscopy. In these studies the following questions
were tried be answered:
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Figure 3.47: Comparison of the the reaction rates using [EMIm]OTf
and [EMIm]NTf2 with using In(OTf)3, cAN = 0.052 mol L
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Figure 3.48: Influence of the IL anion on the structure of the metal complex
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• Does the analytical method work?
• Has [EMIm]NTf2 a beneficial effect on the reaction rate?
• Has [EMIm]OTf a negative effect on the reaction rate?
• Is the effect of the IL related to the concentration of IL in the reaction mixture?
NMR was used to get a more detailed insight into the influence of the IL on the
catalyst. To do so, the IL was diluted with dichloromethane-d2. Since the deuterated
form of the ’standard’ solvent was used, differences caused by the organic solvent could
be excluded. For the NMR investigations, the concentrations had to be increased to
increase the signal-to-noise ratio.
First it was tested if reliable information can be obtained with this analytical method.
Beside one reaction at ’standard’ conditions in [EMIm]NTf2 and In(OTf)3, one reac-
tion was performed with InCl3 as catalyst, which was already found to be less active
than the triflate salt. One example of time-resolved NMR spectra are shown in Fig-
ure 3.49. The shown signal-time profiles could be successfully transferred to a quanti-
tative concentration-time profile for all relevant species (AN, pMA, Ac2O and AcOH).
All profiles show the same reaction rate (see Figure 3.50). From this fact it can be con-
cluded that the choice of the analysed signal does not have an influence on the results.
The influence of the anions on the reaction rate comparing the chloride and the triflate
catalyst shows that InCl3 is less active than In(OTf)3 (see Figure 3.51).
This proves that the analytical method is suitable. With this method interesting
effects were found. One example is the shift of the signal during the reaction. This was
found for the methoxy signal of AN and pMA (see Figure 3.52) as well as for the acyl
CH3 group of pMA (see Figure 3.53).
This shift is mainly due to a change of polarity. AcOH is released during the reaction
and causes this change. But this is not the only reason for the shift, since this effect was
still observable when large amount of AcOH were provided together with the substrates.
So the shift might also be caused by interactions or coordination of AN and pMA with
the Lewis acidic metal centre.
One drawback of this analytical method is that only small amounts of IL can be used
in order to assure an accurate detection of the substrate and product signals. The IL
cannot be used in the relevant concentration range of the previous studies. Therefore
in further studies IR spectroscopy was used to investigate the IL effects. It was tried to
determine whether the beneficial effect of [EMIm]NTf2 as well as the inhibitory effect
of [EMIm]OTf are real effects or only artifacts of the analytical method.
With the help of the already mentioned ATR-IR technique the measurement is very
simple and yields quantitative information after a calibration procedure. In order to
test if this analytical method is suitable for the reaction, one reaction run at standard
conditions was monitored by IR spectroscopy. The results were compared to the spectra
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Figure 3.49: 3D plot of the NMR measurements for the acylation of AN
in [EMIm]NTf2 / dichloromethane-d2 using In(OTf)3, cAN = 1.564 mol L
−1,
cAc2O = 1.456 mol L
−1, cIn(OTf)3 = 0.089 mol L
−1, c[EMIm]NTf2 = 1.179 mol L
−1
of the pure components. For all components present in the reaction mixture, charac-
teristic wavenumbers were found. For pMA, the signal at 840 cm−1 was characteristic,
1499 cm−1 for AN, 1720 cm−1 for AcOH and 1820 cm−1 for Ac2O (see Figure 3.32). With
the help of these characteristic wavenumbers, a qualitative comparison of reaction rates
could be carried out for reaction under different conditions. In the IR studies, several
parameters were varied:
• concentration of Ac2O
• concentration of In(OTf)3
• [EMIm]OTf instead of [EMIm]NTf2
• concentration of [EMIm]NTf2
• concentration of [EMIm]OTf
The concentrations of catalyst and Ac2O were varied to check if the analytical method
is suitable for the present reaction system. A 2 fold increase of the concentration of acetic
anhydride lead to a faster increase of the signals of pMA and AcOH (see Figure 3.54).
The signal of AN shows a strong scattering during the first 20 - 30 min of the reaction.
These data could not be used for further quantifications.
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Figure 3.50: Comparison of different product signals in
[EMIm]NTf2 / dichloromethane-d2 using In(OTf)3 and obtained by
NMR spectroscopy, cAN = 1.564 mol L−1, cAc2O = 1.456 mol L
−1,
cIn(OTf)3 = 0.089 mol L
−1, c[EMIm]NTf2 = 1.179 mol L
−1
When the amount of catalyst in the reaction is reduced, a decrease of the reaction
rate can be seen for the signals of AcOH (see Figure 3.55) pMA and Ac2O. The signal
of AN again could not be used due to a strong scattering during the beginning of the
reaction.
From these results it can be concluded that this analytical method can be used for
qualitative monitoring of the reaction. Further test concerning the influence of the IL
were carried out. When the change of absorption for a reaction with a reduced concen-
tration of [EMIm]NTf2 is measured, no effect can be observed in the signals of AcOH and
Ac2O (see Figure 3.56). This indicates that this IL has only a negligible influence on the
reaction rate. A comparison of the reaction in dichloromethane and a dichloromethane
/ IL mixture was not possible since the catalyst could not be completely dissolved in
dichloromethane.
With [EMIm]OTf instead of [EMIm]NTf2, the change of the signal for AcOH and
Ac2O is very weak. Compared to the relative reaction rate of the reaction in [EMIm]NTf2,
the rate in [EMIm]OTf is seems to be small. This indicates a slow reaction (see Fig-
ure 3.57) and is in line with the results from other analytical methods. The effect of
the anion is essential for the activity of the catalyst. In order to check if this effect
is dependent on the concentration of the IL, an experiment with variation of the IL
concentration was performed in [EMIm]OTf. The results are shown in Figure 3.59.
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Figure 3.51: Comparison of the reaction rate with In(OTf)3 and InCl3 by
NMR measurements in [EMIm]NTf2 / dichloromethane-d2, cAN = 1.564 mol
L−1, cAc2O = 1.456 mol L
−1, cIn(OTf)3 = 0.089 mol L
−1, c[EMIm]NTf2 = 1.179 mol
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Figure 3.52: 3D NMR plot of the AN and pMA methoxy-CH3 pro-
tons for the standard reaction in [EMIm]NTf2 / dichloromethane-d2 using
In(OTf)3, cAN = 1.564 mol L
−1, cAc2O = 1.456 mol L
−1, cIn(OTf)3 = 0.089 mol
L−1, c[EMIm]NTf2 = 1.179 mol L
−1
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Figure 3.53: 3D NMR plot of the pMA acyl CH3 protons for the standard re-
action in [EMIm]NTf2 / dichloromethane-d2 using In(OTf)3, cAN = 1.564 mol
L−1, cAc2O = 1.456 mol L
−1, cIn(OTf)3 = 0.089 mol L
−1, c[EMIm]NTf2 = 1.179 mol
L−1
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Figure 3.54: IR monitoring of the reaction with different concentrations of Ac2O
in [EMIm]NTf2 / dichloromethane, left: pMA signal (840 cm
−1), right: AcOH
signal (1720 cm−1), cAN = 1.1 mol L−1, cIn(OTf)3 = 0.013 mol L
−1, c[EMIm]NTf2
= 1.6 mol L−1
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Figure 3.55: IR monitoring of the reaction with different concentrations of
catalyst in [EMIm]NTf2 / dichloromethane, left: AcOH signal (1720 cm
−1),
right: Ac2O signal (1820 cm
−1), cAN = 1.1 mol L−1, cIn(OTf)3 = 0.013 mol L
−1,
c[EMIm]NTf2 = 1.6 mol L
−1
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Figure 3.56: IR monitoring of the reaction with different concentrations of
[EMIm]NTf2 in dichloromethane, left: AcOH signal (1720 cm
−1), right: Ac2O
signal (1820 cm−1), cAN = 1.1 mol L−1, cIn(OTf)3 = 0.013 mol L
−1, c[EMIm]NTf2
= 1.6 mol L−1
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Figure 3.57: IR monitoring of the reaction with different IL in dichloromethane,
left: pMA signal (840 cm−1), right: AcOH signal (1720 cm−1), cAN =
1.1 mol L−1, cIn(OTf)3 = 0.013 mo L
−1, cIL = 1.6 mol L−1
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Figure 3.58: IR monitoring of the reaction with different concentrations of
[EMIm]OTf in dichloromethane, left: pMA (840 cm−1), right: AcOH signal
(1720 cm−1), cAN = 1.1 mol L−1, cIn(OTf)3 = 0.013 mol L
−1, c[EMIm]NTf2 =
1.6 mol L−1
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In this measurement the trend is unclear. Especially during the first 10 min a strong
deviation from the expected behaviour can be observed. However, the increase of the
signal-time curves for pMA and AcOH seems to be higher for the lower IL concen-
tration, especially during the first hour. During this time, the signal for the lower IL
concentration shows a smooth increase giving hint to a reaction taking place, whereas
the signal for the higher concentration shows a strong scattering. This might be rather
attributed to a error by evaporation of solvent or a shift of the baseline.
Since the trend is very weak, reliable conclusions cannot be drawn from these results.
The concentrations of IL used in the presented studies was probably too high. A re-
duction from 1.6 to 0.8 mol L−1 therefore was not sufficient to change the coordination
sphere of the catalyst complexes. However, the results give hint to the fact that an equi-
librium between different species in the reaction medium is present. The coordination
sphere of the metal is probably influenced by the nature and the concentration of the
anion of the IL. This once again shows that the IL has to be chosen carefully in order
not to inhibit the catalyst. Experiments with standard organic solvents and different IL
concentrations therefore should always be carried out in order to distinguish whether
the IL is an inert solvent or participates actively in the catalytic cycle.
3.3.6 Influence of the solvent on the reaction rate
Beside the effect of the IL on the reaction, the influence of the organic solvent and
the solvent polarity on the reaction rate was determined, respectively. The reaction
was carried out in the multiplate reader in acetonitrile as a more polar solvent re-
placing dichloromethane. The extinction coefficients of pMA in different mixtures of
[EMIm]NTf2 and acetonitrile were measured as described before (see Figure 3.44).
The obtained results show an extinction coefficient which is slightly lower in acetoni-
trile compared to dichloromethane. When comparing the reaction rate obtained from
a reaction in IL / dichloromethane with the system IL / acetonitrile, it can be seen that
the reaction in acetonitrile is much slower. This can be due to stronger interactions
of the catalyst with the solvent leading to a less active catalyst. This effect is less
pronounced than the effect by the IL anion.
From the results of the investigation of the solvent influence (IL as well as organic
solvent) it can be concluded that the solvent seems to have a significant influence on
the reaction rate. This is likely to be due to interactions with the catalyst species. The
more strongly coordinating the solvent is, the less active is the resulting catalyst species.
Therefore it is essential to test for suitable solvents before carrying out continuous
reactions. In the presented system, the analytics are still a problem that has to be
overcome. However, important information about the characteristics of the FC-Ac have
been found which can later be used for the description and simulation of processes.
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Figure 3.59: Comparison of the reaction rate in mixtures of [EMIm]NTf2 and
solvent, cAN = 0.05 mol L−1, cAc2O = 0.36 mol L
−1, cIn(OTf)3 = 0.01 mol L
−1,
c[EMIm]NTf2 = 0.86 mol L
−1
3.3.7 Influence of the products and additives on the reaction rate
Beside the solvent influence, it is also known that the product pMA can have a more or
less pronounced effect on the catalyst. Zayed et al. found a complete deactivation of the
catalyst in their continuous experiments leading to catalyst a halflife in the range of 30 -
45 h for In(OTf)3 and a deactivation of the catalyst within 120 h (time-on-stream) [136].
Barrett et al. found a dependence of the inhibitory effect on the electron withdrawing
effect of different ketones [7]. Electron-rich ketones lead to a complete deactivation
of Yb-catalysts, whereas the addition of electron-poor ketones like nitro-acetophenone
lead to an almost unchanged activity. Acetic acid did not show any significant effect.
Similar results were obtained by Goodrich et al. for the benzoylation of aromatics.
They found an exponential decrease of the reaction rate with increasing concentration
of the benzoylated product [41]. The same observations were made for heterogeneous
catalysts like heteropoly acids [63]. In their studies, Kaur et al. found that the product
strongly adsorbs on the catalyst surface and thus decreases the activity.
For a characterisation of the present reaction system with respect to this aspect
the reaction was carried out with different concentrations of pMA in [EMIm]NTf2 /
dichloromethane. The results are shown in Figure 3.60. An exponential decrease of
reaction rate with the increasing concentration of pMA can be observed. In these
studies, only the initial reaction rate was measured.
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The results indicate that significant interactions of pMA with the catalyst are present.
The initial reaction rate decreases by 44% when using 1.7 equivalents of pMA (with
respect to the catalyst). Similar measurements with offline NMR spectroscopy also
show that the reaction rate is lower for higher pMA concentrations. This is displayed
by a significantly slower increase of the absorption - time curve when pMA is provided
together with the substrates and the catalyst (see Figure 3.61).
From these measurements it can be concluded that the product has a strong effect on
the reaction rate. This is probably due to a large energy barrier for the desorption of the
product from the metal centre. pMA is strongly coordinated due to the high electron
density of the aromatic ring and the acyl group. The high electron density allows
strong interactions of the Lewis acidic metal centre with these groups. The resulting
coordination leads to an inhibition of a coordination of further substrate molecules.
The high activation energy for the desorption is also valid for the adsorption. This was
also found for the formation of the coloured complex of catalyst and pMA in the IL.
If pMA is formed during the reaction, a colouration occurs within several minutes. In
contrast to this, it takes hours to days to form similar complexes from the catalyst and
added pMA in the IL. This shows the high activation energy for the ad- / desorption
and its influence on the coordination of other molecules.
It cannot be clearly said if the inhibition is reversible or irreversible. The results ob-
tained by Zayed give hint to an irreversible coordination since no steady state is reached
[136]. Later, results of continuous biphasic reactions will be shown and discussing the
aspect of deactivation and inhibition (see section 3.4.2).
pMA proved to be strongly inhibiting. In order to test if AcOH also has an inhibitory
effect on the catalyst, reactions with different concentrations of AcOH in the substrate
mixture were carried out and monitored by in situ NMR spectroscopy (see Figure 3.62).
The results show no difference in reaction rate between the reaction with and without
AcOH in the reaction mixture.
This product has no negative influence on the reaction rate. This observation is in
line with the studies made by Kaur et al. [63]. In their studies, AcOH showed no
significant influence on the catalyst.
Coming back to the reaction kinetic expression mentioned before, all these results can
be combined into one rate equation that is suitable for the description of the kinetics
of the FC-Ac of AN. This rate equation incorporates the first order kinetics in AN,
Ac2O and the catalyst as well as the negative exponential dependence on the product
concentration (see (3.10)).
r = kR,0 · e− 39 kJ mol
−1
RT c1AN c
1
Ac2O
c1InX3 e
−const · cpMA (3.10)
This kinetic model corresponds to the model found by Goodrich et al. and Dzudza
et al. [29; 41]. The dependence on the pMA concentration is only empirical and cannot
be interpreted mechanistically. Moreover the effect of the IL on kR is not incorporated
in the model since it cannot be described mathematically up to now. Nevertheless this
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Figure 3.60: Investigation of the inhibitory effect of pMA in
[EMIm]NTf2 / dichloromethane, monitored by UV-VIS spectroscopy, cAN =
0.03 mol L−1, cAc2O = 0.36 mol L
−1, cIn(OTf)3 = 0.003 mol L
−1, c[EMIm]NTf2 =
0.17 mol L−1
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Figure 3.61: Investigation of the inhibitory effect of pMA with offline NMR
spectroscopy in pure [EMIm]NTf2, cAN = 0.05 mol L
−1, cAc2O = 0.36 mol L
−1,
c[EMIm]NTf2 = 0.86 mol L
−1
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Figure 3.62: Investigation of the inhibitory effect of AcOH with in situ NMR
spectroscopy in [EMIm]NTf2 / dichloromethane-d2, cAN = 1.75 mol L
−1, cAc2O
= 1.49 mol L−1, cIn(OTf)3 = 0.04 mol L
−1, c[EMIm]NTf2 = 1.67 mol L
−1
rate equation is accurate enough for an overall kinetic description, e.g. within a simu-
lation.
From early studies of Kobayashi it is well known that the addition of LiClO4 is ben-
eficial and leads to an increase of reaction rate. This is due to an anion exchange
between In(OTf)2 and LiClO4 and increases the Lewis acidity of the respective In
species [29]. Similar studies in the present system (see Figure 3.63) show that in
[EMIm]NTf2 / acetonitrile the cocatalyst LiClO4 only has a weak effect on the reac-
tion rate. The rate obtained under addition of the cocatalyst is slightly higher (20%).
The effect is clear but not as strong as described in literature.
One problem is the limited solubility of the lithium salt in the present solvent sys-
tem. In IL, diluted with dichloromethane, LiClO4 could not be dissolved to the extent
reported in literature (6 equivalents with respect to AN) [17]. The addition of LiClO4
to the reaction mixture was not taken into account for further reactions to avoid a
precipitation of solids in the continuous setup.
3.3.8 Summary
The monophasic reaction kinetics of the Friedel-Crafts acylation of AN with Ac2O
were studied with respect to reaction orders, temperature effects, influence of anions on
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Figure 3.63: Effect of LiClO4 in the reaction rate, measured by UV-VIS
spectroscopy in [EMIm]NTf2 / acetonitrile, cAN = 0.05 mol L
−1, cAc2O =
0.36 mol L−1, cIn(OTf)3 = 0.01 mol L
−1, c[EMIm]NTf2 = 0.43 mol L
−1
the performance of the catalyst as well as to the influence of solvents on the outcome
of the reaction. NMR as well as IR spectroscopy and UV-VIS measurements were
successfully established for the present reaction system although all methods showed
specific limitations.
The studies lead to apparent reaction orders of 1 in AN, Ac2O and the catalyst (for
In(OTf)3 as well as InCl3). This was in line with results obtained by Dzudza et al. in
nitromethane [29] and Goodrich et al. in [BMIm]NTf2 [41]. In the present studies, a
strong product inhibition was found, similar to studies made by Kaur et al. [63]. They
found no influence of the by-product AcOH on the activity of the catalyst. This could
be revealed by our measurements. The anion of the IL has a strong influence on the
activity of the catalyst. The use of weakly coordinating anions like NTf2
− leads to a
very good performance and high TOF. The use of anions with a stronger electron donor
function (e.g. OTf−) leads to a significant deactivation.
This is probably due to the formation of In(OTf)4
−, which is inactive for the reaction.
When using more coordinating anions like Cl−, a complete deactivation is found and
no reaction can be detected. Surprisingly, InCl3 in fact is active as a catalyst when
used in an IL with a weakly coordinating anion. So in the chloride-IL the formation
of metal complexes with four ligands is the reason for the deactivation in chloride
based IL and not a ligand exchange to InCl3.The effect of solvent polarity was only
weak. The performance in more polar solvents was worse than in unpolar solvents
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like dichloromethane. The use of acetonitrile lead to an even slower reaction. The
use of Lithium perchlorate as an additive showed only a weak effect for the maximum
concentrations. A further increase is not possible due to limited solubilities. So in the
present solvent system the addition of this compound seems to be not feasible.
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Figure 3.64: Schematic picture of the biphasic FC-Ac reaction
3.4 Biphasic reactions
3.4.1 Biphasic batch reactions
IL have proven to be suitable for the immobilisation of catalyst salts in many reaction
systems [124; 129]. The immobilisation of homogeneous catalysts in IL shows a large
potential in the field of biphasic catalysis. Here, the IL phase is stationary and the
second phase serves as reservoir for the substrates and as extracting solvent for the
product(s) [136]. A general scheme of such a biphasic reaction with a stationary catalyst
phase is shown in Figure 3.64. This type of setup can be used for a batchwise or
continuous operation.
The present studies are focused on the continuously operated biphasic reaction sys-
tem. For a first feasibility study experiments were carried out concerning batchwise
operation in the biphasic system [EMIm]NTf2 / n-heptane.
In general, the present reaction could be carried out in this solvent system. A clear
phase separation was obtained and the catalyst was predominantly dissolved in the IL
phase. This was indicated by a coloration of the IL phase, whereas the heptane phase
remained colourless.
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Figure 3.65: Comparison of two biphasic reactions in [EMIm]NTf2 / n-heptane
with different catalysts, left: measured in the organic phase, right: measured
in the IL phase, T=297 K, cAN=0.50 mol L−1 in IL, cAc2O=0.25 mol L
−1 in the
solvent phase, ccat=0.03 mol L−1
Mass transfer is an issue in such reaction systems. This was indicated by the fact
that a strong coloration of the interface was observed in a system with Ac2O in the IL
phase and AN in the organic phase without mixing. The coloration can be used as an
indicator for the product formation. The reaction only took place at the interface due
to the strong mass transfer resistance in the IL bulk. When the system was mixed (e.g.
by initial shaking) the complete IL phase showed a strong coloration.
In order to test the applicability of different catalysts in the reaction system, various
active metal salts were tested in the biphasic system [EMIm]NTf2 / n-heptane. All
reactions were shaken for 30 s to achieve a uniform concentration in the IL phase. The
IL phase was analysed by NMR. The results (see Figure 3.65) show that In(OTf)3
together with Hf(OTf)4 is more active than Yb(OTf)3. The same trend was already
found for the monophasic reaction (see section 3.3.2). The trend could be measured
both by monitoring of the IL phase as well as of the solvent phase.
From these results it can be concluded that the addition of n-heptane as second
solvent does not influence the outcome of the reaction. It does not change the relative
activity of the tested catalysts. This is in line with the fact that heptane is not able
to form significant interactions with the catalyst and that this solvent is only weakly
soluble in the IL.
For a better mass transport between the phases, similar measurements were carried
out in the Nitsch-type reactor with independent stirrers for both phases (results not
shown here). First a simple magnetic stirring bar was used for the IL phase. Under
these conditions the reaction only proceeded at the interface when the reactant was
provided in the solvent phase. This is similar to the reaction without stirring.
This indicates that the mass transport inside the catalyst phase is limiting, also when
a stirring bar is used to improve mass transfer. This result corresponds to the mass
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Figure 3.66: Comparison of two biphasic reactions in [EMIm]NTf2 / n-heptane
at different temperatures, left: measured in the organic phase, right: measured
in the IL phase, cAN=1.0 mol L−1 in IL, cAc2O=2.5 mol L
−1 in the solvent
phase, cIn(OTf)3=0.03 mol L
−1
transport measurements in the nonreactive system. Only a weakly accelerating effect
of an additional magnetic stirring bar was found there for the mass transport of pMA
from [EMIm]NTf2 to toluene (see Figure 3.22, section 3.2.4 ).
A variation of the temperature was carried out in order to investigate the additional
influence of the viscosity change. The substrates were all mixed inside the IL phase
and the organic solvent was added. Once again, samples were taken from both phases.
The results show an acceleration of the reaction rate with increasing temperature. In
contrast to the expected exponential increase of reaction rate, an additional effect was
found. The increase of reaction rate from 298 K to 308 K is stronger than from 308 K
to 318 K. This indicates that the viscosity decreases as well leading to a faster mass
transfer. The decrease of viscosity according to the Vogel-Fulcher-Tammann equation
(see section 2.1.2) is nonlinear and can be described by an exponential dependence.
According to this dependence, the decrease of viscosity is stronger for low temperatures
than for high temperatures. The strong decrease in IL viscosity with increasing temper-
ature leads to an increase of the mass transfer rates and therefore to a faster apparent
reaction rate measured in the organic phase. So in this system, different effects occur
at the same time. This has to be taken into account during the analysis of measured
data.
3.4.2 Biphasic continuous reactions
Continuous reactions in the system [EMIm]NTf2 / n-heptane
The continuous operation required a suitable setup with the possibility of mixing, heat-
ing, dosage and sample taking. Therefore a setup was planned and created fulfilling
these requirements. The setup included the dosage of the organic phase (n-heptane
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Figure 3.67: Flow chart of the CSTR for the biphasic reaction in IL / organic
solvent
with AN and Ac2O), the reactor, in which both phases could be stirred independently
(Nitsch-type cell) and a pump that pumped the organic phase out of the reactor and
into an autosampler (see Figure 3.67). The obtained product could be analysed by
online GC. The IL with dissolved catalyst was provided in the reactor itself. First
pure n-heptane was provided together with the catalyst phase to adjust the stirrers
accurately. To start the reaction, the dosage of the substrate solution and the product
phase was started.
For a simplification of the system, the concentration of the catalyst, the temperature
and the volumes of both phases were kept constant. Only In(OTf)3 was used as catalyst,
[EMIm]NTf2 and n-heptane as solvents. The temperature was adjusted by a thermostat
to 297 K. The volumes were limited by the setup, so the volumes were always set to
Vorg = VIL = 4mL. The catalyst was dissolved in the IL before introduction into
the reactor. The stirring speed was also kept constant as well at 300 rpm. The first
reaction run was carried out for a 1:1 molar stoichiometry and a residence time of 2 h
(see Figure 3.68).
The results show an increase of the product concentration in the organic phase within
the first 20 h. This is caused by a slow exchange of the organic phase by the substrate
solution and the beginning reaction. During 20 h time-on-stream a decrease of the
product concentration can be observed.
This was due to two different effects:
• deactivation of the catalyst by the product (see section 3.3.7)
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Figure 3.68: Continuous reaction run in [EMIm]NTf2 / n-heptane,
cAN=1.0 mol L−1, cAc2O=1.0 mol L
−1, cIn(OTf)3=0.03 mol L
−1, 297 K, V˙0
= 0.004 L h−1
• volume expansion of the IL phase due to large amounts of Ac2O and therefore
loss of the catalyst phase through the outlet of the reactor (see Figure 3.4)
As already shown before (see section 3.2.1), the partition coefficients of all components
in the system IL / n-heptane are low, especially for Ac2O. Due to the slow reaction
under the influence of high concentrations of pMA in the IL phase, more and more
Ac2O dissolved in the IL phase and caused an increase of the IL volume. The increase
was more than 100%, leading to a leaching of the catalyst phase. In the present case,
the reason for a catalyst loss was not its solubility in the organic phase but a loss of
catalyst containing IL phase.
The IL being pumped out of the reactor was also analysed in order to prove the
hypothesis of substrate solubility as the cause of the volume expansion. NMR inves-
tigations showed that mainly Ac2O dissolves in the IL phase and causes the volume
expansion, whereas the concentrations of AN, pMA and AcOH were almost constant
during the complete time of operation (see Figure 3.69). Ac2O reaches maximum con-
centrations of up to 18 mol L−1. Pure Ac2O has a molar concentration of 10 mol L
−1,
so these too high concentrations show the measurement error of the analytical method.
However, the high concentrations of this component in the IL are clearly displayed.
To minimise the volume expansion, later reaction runs were performed with a 10 fold
excess of AN maintaining the other parameters constant (see Figure 3.70). The results
showed a similar behaviour like described above. After the increase of pMA concentra-
tion in the organic phase during the first 25 h, a decrease was observed. The decrease
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Figure 3.69: Continuous reaction run in [EMIm]NTf2 / n-heptane, monitoring of
the leached IL, cAN=1.0 mol L−1, cAc2O=1.0 mol L
−1, cIn(OTf)3=0.03 mol L
−1,
297 K, V˙0 = 0.004 L h−1
is not as strong as in the former case. The volume expansion was negligible excluding
IL leaching as the reason for the decrease of activity.
Therefore the decrease in concentration of pMA is likely to be caused by a catalyst
deactivation. The deactivation lead to an apparent catalyst halflife of approximately
45 h. This is in the same range as found by Zayed et al. for continuous reactions in
[BMPyr]NTf2 / CO2 with a phase volume ratio of 2 (CO2 : IL) [136].
With the 1:10 molar stoichiometry similar reaction runs were carried out with a
variation of volume flow rates of the substrate solution. Thus the effect of the residence
time on the performance of the reaction was to be investigated. The results of the
continuous reaction runs with residence times of 1 - 4 h are shown in Figure 3.71.
The obtained results (concentration pMA - time profiles) do not differ significantly.
In all cases, an increase of the pMA concentration within the first 20 residence times can
be observed. After reaching a maximum, a decrease is found. Nearly the same product
concentrations are obtained and the curves of concentration versus dimensionless time
have the same shape. The corresponding turnover frequencies (TOF) differ much due
to the same pMA concentrations for different residence times. The maximum TOF are
shown in Table 3.12 for all continuous reaction runs carried out in the present studies.
A possible explanation for this behaviour might be the inhibition of the catalyst
by the product pMA. If this was the case, in the beginning higher concentrations of
pMA should be obtained for longer residence times due to higher expected conversions.
This is not the case. Another possibility that might explain this behaviour is that
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Figure 3.70: Continuous reaction runs in [EMIm]NTf2 / n-heptane,
cAN=1.0 mol L−1, cIn(OTf)3=0.03 mol L
−1, 297 K, V˙0 = 0.004 L h−1
the mass transport from the IL phase into the organic phase is slow leading to high
concentrations in the IL phase and low concentrations in the organic phase. This would
lead to a fast catalyst inhibition without measuring high pMA concentrations in the IL
phase. If mass transport was faster, e.g. by intense stirring, this effect would not be
expected since a high pMA concentration in the IL phase simultaneously would lead to
a high concentration in the organic phase. Thus, differences in pMA concentration in
the organic phase should be measured.
The reaction might also be influenced by the amount of Ac2O in the IL phase. In
our studies no hints were found that the catalyst is also deactivated by Ac2O, although
high concentrations (0.86 mol L−1) were used in the UV-VIS measurements (see sec-
tion 3.3.3). A deactivation by the anhydride might lead to a different behaviour. This
can be tested in future work by immobilisation of the catalyst in Ac2O for different
times prior to the reaction.
Compared to literature data (see Table 3.13), our results are promising, although
the limitations are obvious. In other systems higher space-time yields were obtained,
but in most cases at higher temperatures. A direct comparison is difficult since mostly
heterogeneous or heterogenised catalysts were used, which cannot be characterised in
terms of the molar amount of active centres.
Since one issue is the increasing amount of Ac2O in the catalyst phase, a continuous
reaction run was performed with an even lower concentration of this substrate in the
substrate solution. With a 20 fold excess of AN, similar pMA concentrations were
obtained. Compared to the already mentioned continuous reactions the stability of the
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Figure 3.71: Comparison of all continuous reaction runs with a 1:10 stoi-
chiometry in [EMIm]NTf2 / n-heptane, cAN=1.0 mol L
−1, cAc2O=0.1 mol L
−1,
cIn(OTf)3=0.03 mol L
−1, 297 K
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Figure 3.72: Continuous reaction run in [EMIm]NTf2 / n-heptane,
cAN=1.0 mol L−1, cAc2O=0.05 mol L
−1, cIn(OTf)3=0.03 mol L
−1, 297 K,
V˙ = 0.004 L h−1
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Table 3.12: TOF of different continuous reaction runs
V˙0 / τ / TOFmax / τ1/2 /
L h−1 h h−1 h
0.008 1 2.86 35
0.004 2 1.69 70
0.004 2 1.47 70
0.002 4 0.70 140
0.004 2 0.90 > 400a
awith a 20 fold excess of AN
Table 3.13: Literature data for continuously operated Friedel-Crafts reactions
(acylation: entry 1 and 2, benzoylation: entry 3, alkylation: entry 4-6)
reference catalyst solvent τ / T / p / STY /
h K bar mol L−1h−1
present studies In(OTf)3 [EMIm]NTf2 1-4 298 1 0.009-0.035
Zayed 2008 [136] In(OTf)3 [BMPyr]NTf2 2.3 330 300 (CO2) 0.034
Hardacre 2008 [48] zeolite [EMIm]NTf2 0.5 363 1 2.7
Hitzler 1998 [56] Deloxane scPropene n.a. 433 200 (propene) 7.4
Ladnak 2007 [72] AlCl3 [BMIm]NTf2 0.5 323 40 (propene) 1.7
DeCastro 2000 [21] AlCl3 [BMIm]Cl 0.05 293 1 3.5
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catalyst was higher (see Figure 3.72). The catalyst still was active after 160 h time-on-
stream. The drop in concentration between the maximum after 15 residence times and
the end of the reaction run (80 residence times) was only 15%. This corresponds to an
extrapolated catalyst halflife of approximately 400 h. This is even higher than for the
best catalysts in the [BMPyr]NTf2 / CO2 system (130 h for La(OTf)3) [136].
Continuous reaction in the system [EMIm]NTf2 / dioxane
One aim of this work was to achieve an optimisation of the biphasic continuous reaction
in terms of mass transport as well as solvent choice. Therefore different organic solvents
were tested for the continuous reaction. The measurement of the partition behaviour
showed before that more polar organic solvents must be used to reach high partition
coefficients. This is beneficial for the product extraction and therefore also for the reac-
tion since the increase of product concentration in the catalyst phase can be suppressed
this way. One solvent showing a miscibility gap with the IL [EMIm]NTf2 and leading to
high partition coefficients was dioxane. The partition coefficient was 0.6 for pMA and
1.39 for AN. This is quite high compared to n-heptane (see Figure 3.1, section 3.2.1).
Since the positive effect of the suppression of the inhibition is expected to be stronger
than the disadvantageous effect of the substrate partitioning, in total a positive effect
is expected.
To check if this solvent system is applicable, a continuous reaction run in the Nitsch-
type cell similar to previous continuous reactions was carried out with dioxane. The
first important observation after some hours of continuous operation was a coloration
of the organic phase. The samples taken during operation showed a slight red brown
coloration.
This gave hint to a significant solubility of the catalyst in the mobile organic phase.
This is not acceptable for a continuous reaction. The product phase was analysed by GC
during the reaction. The results are shown in Figure 3.73. They show an unexpected
behaviour. For a comparable performance of the reaction higher pMA concentrations
are expected in the organic phase due to the high partition coefficients of pMA in IL
/ dioxane (see Figure 3.73). In contrast to the expectations the concentrations were
even lower than in the system using n-heptane as organic solvent. The maximum
concentration was 0.001 mol L−1. This is only 2% of the maximum concentration in the
other biphasic system and corresponds to a concentration in the IL of 0.002 mol L−1.
This can only be explained by the fact that dioxane is too nucleophilic and leads
to a catalyst deactivation by coordination to the metal centre. This effect was not
investigated in batch reactions before, so this problem cannot be excluded. Another
observation found during operation was a significant IL leaching. Similar to the system
[BMIm]BF4 / toluene (see section 3.2.1) the volume of the IL phase decreased by 50%
within 22 h of operation due to solubility of the IL in the solvent (see Figure 3.74).
This is not acceptable for biphasic continuous reactions. So only unpolar solvents
(like common hydrocarbons) can be used for biphasic reactions, although the partition
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Figure 3.73: Continuous reaction run in [EMIm]NTf2 / dioxane,
cAN=1.0 mol L−1, cAc2O=0.1 mol L
−1, cIn(OTf)3=0.03 mol L
−1, 297 K,
V˙=0.004 L h−1
behaviour of such solvent systems then is disadvantageous. Here, a compromise has to
be found between catalyst stability and IL leaching. A complete prevention of both
negative phenomena seems to be not possible in the described systems.
Continuous reactions in [EMIm]NTf2 / n-heptane with micromixers
In addition to the variation of the organic solvent in the continuous reaction a feasi-
bility study for the use of micromixers was to be carried out. As shown above, mass
transport is slow in the described system. Microstructured mixing devices are suitable
for the increase of mass transfer rates, even compared to systems with independently
stirred phases (see Figure 3.23). In order to find out if the use of micromixers is ben-
eficial for the biphasic reaction, a setup was created incorporating the Ehrfeld cascade
mixer into a continuously operated tank reactor. Thus a loop reactor with assumed
CSTR characteristics was created. The setup is shown in Figure 3.75. It required two
additional pumps for the recycle loop of both phases. After the mixer and a capillary
as residence time module, a settler was installed for the phase separation. From the
settler, the upper organic phase could be taken out continuously.
In the continuous experiments the residence time was changed from 1 h to 4 h and
similar concentrations to the reactions in the Nitsch cell were used (see Figure 3.76). The
GC analysis of the organic product phase showed an increase of the pMA concentration
over time. Maximum values of 0.022 mol L−1 and 0.035 mol L−1 were reached for 1 h and
4 h residence time, respectively. The pMA concentrations were higher for the longer
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Figure 3.74: Photo of the CSTR for a reaction in [EMIm]NTf2 / dioxane after
22 h of continuous operation; The line indicates the starting position of the
interfacial area.
Figure 3.75: Flow chart of the loop reactor with microstructured mixing devices
for the biphasic reaction in IL / organic solvent
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Figure 3.76: Two continuous reaction runs in [EMIm]NTf2 / n-heptane
using the Ehrfeld cascade mixer, cAN=1.0 mol L−1, cAc2O=0.1 mol L
−1,
cIn(OTf)3=0.03 mol L
−1, 297 K
residence time. This can be explained by the longer reaction time. Surprisingly, in
both cases a deactivation of the catalyst could not be observed during time-on-stream.
An operation for 22 residence times (88 h) was possible and yielded results comparable
to those in the CSTR. After that, the experiments had to be stopped due to a low recycle
flow. It was not possible to keep the flow rate through the mixer constant any more since
the pumps were very sensitive towards the viscosity of the IL. Unfortunately no flow
control was installed to overcome this problem. After 22 residence times, the mixing
became insufficient and the experiment was stopped.
Compared to the reaction in the Nitsch cell, the reaction run with 1 h residence
time yields lower product concentrations (see Figure 3.77). This can be explained
by a decrease in mixing efficiency caused by inaccurate mixing flow rates of the two
circulation pumps. In contrast to the run with 1 h residence time, the run with 4 h
residence time yields similar pMA concentrations for both micromixer and Nitsch cell
(see Figure 3.78). The increase of the product concentration seems to be slower for
the micromixer. At the same time, the run using the micromixer seems to yield a
more stable operation. The maximum of the concentration is not yet reached after
22 residence times whereas in the Nitsch cell already the deactivation can be observed.
This effect may be caused by a better extraction of pMA from the IL phase. This
would be beneficial for the catalyst activity. On the other hand these results do not
indicate that the mass transfer is faster in the micromixer. Within the first 5 residence
times the concentrations are even lower than in the Nitsch cell. This is surprising since
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Figure 3.77: Comparison of continuous reaction runs using a micromixer and
the Nitsch cell, 1 h residence time, [EMIm]NTf2 / n-heptane, cAN=1.0 mol L
−1,
cAc2O=0.1 mol L
−1, cIn(OTf)3=0.03 mol L
−1, 297 K
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Figure 3.78: Comparison of continuous reaction runs using a micromixer and
the Nitsch cell, 4 h residence time, [EMIm]NTf2 / n-heptane, cAN=1.0 mol L
−1,
cAc2O=0.1 mol L
−1, cIn(OTf)3=0.03 mol L
−1, 297 K
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Figure 3.79: Comparison of the AN concentration for continuous reaction runs
using a micromixer and the Nitsch cell, 4 h residence time, [EMIm]NTf2 / n-
heptane, cAN=1.0 mol L−1, cAc2O=0.1 mol L
−1, cIn(OTf)3=0.03 mol L
−1, 297 K
in case of a limitation by mass transfer the concentrations should increase faster in
the micromixer. When comparing the concentration of AN for both mixing types, no
difference can be observed. So mass transport seems not to be limiting in the present
system (see Figure 3.79). A more precise analysis of the reaction system with monitoring
of all concentration in both phases is necessary to understand why the results did not
show a beneficial effect of in the microstructures compared to the Nitsch cell.
The results suggest that mass transfer is fast enough in the Nitsch cell CSTR since
the use of a micromixer did not increase the productivity. A more theoretical analysis
can be done by calculating the Hatta number HA. HA is defined as the ratio of the
rates of reaction and mass transport or the ratio of both time constants, respectively
(see (3.11)) [5].
HA =
√
tmasstransfer
treaction
(3.11)
According to the two-film model, this equation can be simplified and yields equation
(3.12)
HA =
√
DX k
kX
(3.12)
DX is the diffusion coefficient of component X, k is the pseudo first order reaction rate
constant (= kR · cY for a second order reaction) and kX is the mass transfer coefficient
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of component X. Since the IL is the reactive phase and AN was used in excess, HA can
be calculated for the present system using cAN in the feed (1 mol L
−1), the reaction rate
constant from the kinetic studies (600 L mol−1 h−1) and the mass transfer coefficient
of Ac2O (0.35 m h
−1). The diffusion coefficient is in the range of 1·10−10 m2 s−1 for
pMA. The value for Ac2O was not determined, but it can be assumed to be between
10−8 m2 s−1 and 10−10 m2 s−1. When using the diffusion coefficient of AN (2.3·10−10
m2 s−1), one obtains a Hatta number of 0.04. For HA < 0.3, the mass transport is not
limiting. In our case, HA is in a range, where an influence of mass transport can be
neglected.
Possible errors in the estimation of HA are the concentration and the diffusion co-
efficient. The concentration of AN being used for the calculation is not the actual
concentration at the interface. This concentration should be higher according to the
partition coefficient. A higher concentration would lead to an increase in reaction rate
and therefore to a larger Hatta number and a stronger influence of mass transport. For
the isopropylation of cumene in [EMIm]Cl/AlCl3 rather low HA were found similar to
our reaction system [60]. But still, when considering all those aspects, HA is not too
low, so the influence of mass transfer may not be completely neglected, especially for
higher temperatures and catalyst concentrations.
3.4.3 Summary
In summary, it was possible to achieve an optimisation of the continuous biphasic
reactions leading to higher stabilities and catalyst halflife. The continuous operation
was only possible for low concentrations of Ac2O since a strong volume expansion was
observed when large amounts of this substrate are applied. The results of the continuous
runs with different residence times do not differ much. This indicates that the reaction
system is more complex than expected originally, probably due to the strong interaction
between catalyst and product and due to the resulting catalyst deactivation. This is
more pronounced for high concentrations of pMA. An additional problem might be an
inhibition of the catalyst by Ac2O. This was up to now not mentioned in literature,
but might be valid for higher concentrations in the IL phase. During our monophasic
kinetic studies such behaviour could not be observed although the concentrations of
Ac2O were rather high (0.86 mol L
−1 in most cases).
The use of dioxane as an alternative organic solvent did not show the expected results
since probably an inhibition of the catalyst by the solvent was present. Moreover, the
significant solubilities of the IL and the catalyst in the mobile phase lead to a leaching
of the IL as well as of the catalyst.
Using micromixers did not improve the performance. Within the first 25 residence
times, no catalyst deactivation could be observed. The operation of the micromixer
was difficult due to a lack of flow control for both phases. So in summary, mixing
seemed not to be the limiting aspect in the present system. This was also shown by
the Hatta number for the given conditions. The problems concerning the operation of
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the micromixers and the pumping of the two liquid phases can be overcome by a flow
control via liquid mass flow meters connected to the pumps. This would allow a flow
monitoring and control leading to more stable and defined operation and more intense
mixing.
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3.5 Simulations of the CSTR
3.5.1 General remarks
For a further optimisation and characterisation of the continuous reaction in the bipha-
sic solvent system IL / n-heptane a simulation was to be developed. The main objective
of the simulation was to achieve a better understanding of the process and a further op-
timisation without additional experiments. All different aspects of continuous biphasic
catalysis were combined to one mathematical model including mass transport, reac-
tion and partitioning. The simulation was based on balance equations for continuous
systems describing all fluxes (reactive, convective and diffusive). These were combined
and calculated for a stationary system, yielding the steady-state concentrations of all
species.
In the following chapter the derivation of the differential equations will be explained
and the results of the calculations will be shown.
3.5.2 Description of the model
In typical balance equations for continuous reaction, the change of the concentration of
a species can be expressed by convective terms describing the dosage of the feed and
the products as well as diffusive mass transport terms and reaction terms. The system
was simplified by replacing AN, pMA, Ac2O and AcOH with the general species A,
B, C and D. The derived model is generally applicable to every reaction system. The
resulting reaction scheme is shown in (3.13).
A+B → C +D (3.13)
As a simple example for such a balance equation for one single phase the following
equation can be used (see (3.14)):
dcA
dt
= (
dcA
dt
)flow,in − (dcA
dt
)masstransfer − (dcA
dt
)reaction − (dcA
dt
)flow,out (3.14)
The system can be simplified since in the organic phase, no reaction takes place
(ideally) and in the IL phase, no convective flows (feed or product stream) are present.
In general, the feed can be described using volume flow V˙0 and concentration cA.
(
dcA
dt
)flow,in =
V˙0
V
· cA,0 (3.15)
The same is valid for the product stream. The concentrations of the products (C, D)
in the feed are zero. Mass transfer can be expressed by (3.16)
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(
dcA
dt
)masstransfer = kA · a∆cA (3.16)
Here, the mass transfer coefficient of A, kA and the specific interfacial area, a (=
A
V
)
are introduced. In our case, the concentration gradient is approximated by assuming
limitation of the transport process only by the IL side diffusion. This was already
explained earlier (see section 3.2.3). A schematic picture of the model is shown elsewhere
(see Figure 2.5). This model is a simplification of the two-film model, in which the mass
transfer is divided into diffusion in phase I, mass transport through the interface and
diffusion through phase II. At the interface itself, equilibrium conditions are assumed.
In our case, the mass transfer resistance of the organic solvent phase is neglected due
to the relatively low viscosity inside the organic solvent phase. So in summary the
following assumptions and simplifications are made:
• constant volume
• negligible mass transfer resistance in the organic phase
• equilibrium conditions at the interface
• constant concentration within both bulk phases→ ideal mixing inside liquid bulk
• monophasic kinetics are valid in biphasic system
• partition coefficients of the solutes in pure biphasic system are valid
• no change of mass transfer by reaction
According to this model, the concentration is constant within both bulk phases due
to vigorous stirring. Since the mass transfer resistance inside the heptane phase is ne-
glected, the concentration is assumed to be constant in the whole organic phase. At the
interface, the concentrations of the solute A in both phases correspond to the equilib-
rium concentrations. The concentrations can be calculated by the partition coefficients
α-δ. From these assumptions the following equations can be derived:
cA,org = cA,org,S (3.17)
cA,IL,S =
cA,org,S
α
(3.18)
∆cA = cA,IL,S − cA,IL (3.19)
The reaction kinetics must be taken into account inside the IL phase. Since the
reaction orders have already been investigated earlier in our studies, the model found in
these investigations could be used (see section 3.3.7). The dependence on the catalyst
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was incorporated into the reaction rate constant kR since this variable is independent
of the convective and diffusive terms. In later studies the inhibition of the catalyst was
incorporated by an exponential decay of kR with increasing amount of product C. This
was shown to be valid by the monophasic kinetic studies (see Figure 3.60, section 3.3.7)
3.5.3 Derivation of the differential equations
The single expressions for the fluxes were combined to yield the differential equations.
Starting with the differential equations for the organic phase, the change of concentra-
tion of the respective solutes A - D could be written as follows:
dcA,org
dt
=
V˙
Vorg
cA,0 − V˙
Vorg
cA,org − kA a (cA,org
α
− cA,IL) (3.20)
dcB,org
dt
=
V˙
Vorg
cB,0 − V˙
Vorg
cB,org − kB a (cB,org
β
− cB,IL) (3.21)
As already mentioned, no products were present in the feed stream, and the extraction
always lead to a positive concentration gradient between IL and organic phase, so the
equation was simplified and yielded:
dcC,org
dt
= − V˙
Vorg
cC,org + kC a (
cC,org
γ
− cC,IL) (3.22)
dcD,org
dt
= − V˙
Vorg
cD,org + kD a (
cD,org
δ
− cD,IL) (3.23)
For the IL phase, one obtains:
dcA,IL
dt
= kA a (
cA,org
α
− cA,IL)− kR cA,IL cB,IL (3.24)
dcB,IL
dt
= kB a (
cB,org
β
− cB,IL)− kR cA,IL cB,IL (3.25)
dcC,IL
dt
= kR cA,IL cB,IL − kC a (cC,org
γ
− cC,IL) (3.26)
dcD,IL
dt
= kR cA,IL cB,IL − kD a (cD,org
δ
− cD,IL) (3.27)
The set of differential equations describe the change of concentrations over time
due to mass transport, convective flows as well as reaction. With these equations the
complete process can be described. In order to calculate the absolute concentrations,
the differential equations were integrated (see Appendix 1) yielding a function for c(τ).
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cA,org =
[( −V˙
Vorg
− kAa
α
)cA,org,−1 + ( V˙Vorg cA,0 + kAacA,IL)]e
( −V˙
Vorg
− kAa
α
)τ − V˙
Vorg
cA,0 − kAacA,IL
−V˙
Vorg
− kAa
α
(3.28)
cB,org =
[( −V˙
Vorg
− kBa
β
)cB,org,−1 + ( V˙Vorg cB,0 + kBacB,IL)]e
( −V˙
Vorg
− kBa
β
)τ − V˙
Vorg
cB,0 − kBacB,IL
−V˙
Vorg
− kBa
β
(3.29)
cC,org =
[( −V˙
Vorg
− kCa
γ
)cC,org,−1 + kC acC,IL]e
( V˙
Vorg
− kCa
γ
)τ − kCacC,IL
−V˙
Vorg
− kCa
γ
(3.30)
cD,org =
[( −V˙
Vorg
− kDa
δ
)cD,org,−1 + kD acD,IL]e
( V˙
Vorg
− kDa
δ
)τ − kDacD,IL
−V˙
Vorg
− kDa
δ
(3.31)
and for the IL phase:
cA,IL =
[(−kAa− kRcB,IL)cA,IL,−1 + (kAaα cA,org)]e(−kAa−kRcB,IL)τ − kAaα cA,org
−kAa− kRcB,IL (3.32)
cB,IL =
[(−kBa− kRcA,IL)cB,IL,−1 + (kBaβ cB,org)]e(−kBa−kRcA,IL)τ − kBaβ cB,org
−kBa− kRcA,IL (3.33)
cC,IL =
[(−kCa)cC,IL,−1 + (kCaγ + kRcA,ILcB,IL)]e−kCaτ − kCaγ cC,org − kRcA,ILcB,IL
−kCa
(3.34)
cD,IL =
[(−kDa)cD,IL,−1 + (kDaδ + kRcA,ILcB,IL)]e−kDaτ − kDaδ cD,org − kRcA,ILcB,IL
−kDa
(3.35)
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Figure 3.80: Example for a formula node in the LabView R© simulation
Table 3.14: Parameters used in the simulation
parameter V˙ / cA,0 / cA,0 / Vorg / VIL / A / kR /
L h−1 mol L−1 mol L−1 L L dm2 L mol−1 h−1
value 0.008 1.0 0.1 0.004 0.004 0.032 619
kA / kB / kC / kD / α β γ δ
dm h−1 dm h−1 dm h−1 dm h−1 - - - -
3.14 1.44 3.00 3.00 0.14 0.02 0.06 0.12
3.5.4 Implementation into LabView R©
According to previous work by Roosen [96], a set of equations can be solved iteratively
using the program National Instruments LabView R© 1. The simulation is based on
formula nodes, in which the equations are defined (see Figure 3.80). By connection
of the variables with each other, a system is obtained, that is able to calculate the
concentrations iteratively using set values for all parameters. In total, 15 parameters
are included in the model. For the simulation, the following standard values were used
according to the experiments carried out in the CSTR (see Table 3.14). With these
standard values later on all parameter variations were performed.
In order to make the simulation more applicable, an automated reading function for
the parameter values was established. Excel data sheets were created with the values
for all parameters that could be read automatically by the simulation tool. In addition,
an automated saving tool was created, that saved the calculated values as soon as
1Roosen, C. PhD thesis, RWTH Aachen University, 2010. [96]
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Figure 3.81: Tool for the automated reading of values in the LabView R© simu-
lation
they were constant (deviation from the results of the last iteration step < 10−6 ). A
coupling of both tools made it possible to read in values, calculate, save the results for
stationary conditions and then read in the next value until the end of the excel sheet
with the parameter values was reached. A scheme of these tools in the simulation is
shown in Figure 3.81 and Figure 3.82.
An important aspect is the product inhibition of the catalyst in the continuous re-
action runs. In order to incorporate it into the model, an inhibition term was added
into the reaction rate constant. As mentioned before, the rate constant kR incorporates
the intrinsic rate constant as well as the catalyst concentration, since the latter was
kept constant in all continuous reaction runs. For the implementation of the product
inhibition, the rate constant was described using an exponential dependence on the
product concentration cC,IL and an inhibition constant kI . With this model, a varia-
tion of all parameters could be carried out in order to investigate the influence of the
single parameters on the performance of the reaction. In the following calculations, the
inhibition constant was kept constant at 0.1 L mol−1.
kR = kR,0e
−kIcC,IL (3.36)
3.5.5 Results of the steady state simulation with product inhibition
In the following simulations, one parameter was varied at a time, keeping the other
parameters constant at standard conditions (see Table 3.14). This was done for all
parameters except the phase volumes and the temperature.
A variation of the interfacial area between 0.001 and 0.1 dm2 showed almost no in-
fluence for the given standard conditions. Both for a 1:1 and a 1:10 stoichiometry of
A and B, only for a small interfacial area < 0.1 dm2, conversion dropped from 32.6
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Figure 3.82: Tool for the automated saving of the results in the LabView R©
simulation
to 31.8% (at 0.01 dm2). For values > 0.05 dm2, only minor changes of the conversion
could be observed. This is in line with the results of the continuous experiments with
the Nitsch cell and micromixers and shows that mass transfer is not rate limiting.
The variation of the concentrations of A (for cB,0 = 0.1 mol L
−1) and B (for cA,0
= 1.0 mol L−1) showed that the influence of B is negligible compared to A. For low
concentrations of A a decrease of conversion was displayed by the calculations (see
Figure 3.83). Here, conversion drops from 31 to 17% when decreasing the concentration
of A from 1 to 0.01 mol L−1.
This is caused by the different partition behaviour of A and B. Due to the higher
values of α, the concentration of A in the IL can be limiting whereas B has low par-
tition coefficients and therefore is well available in the IL phase. A limitation in this
component is not expected, especially not if incomplete conversion is present and excess
anhydride accumulates in the IL phase. In such a situation only AN is limiting due to
its disadvantageous partitioning.
An influence of the reaction rate on the rate constant could be observed, but it was
relatively weak. For both stoichiometries (1:1 and 1:10) used in the calculations, a minor
influence was found (see Figure 3.84). For standard conditions (kR = 619 L mol
−1 h−1),
the conversion was 33% and could not be increased much further by increasing kR (e.g.
by increasing the catalyst concentration).
This can be explained by product inhibition. Higher values of the rate constant lead
to a faster increase of product concentration inside the IL phase and therefore to a
stronger product inhibition. The resulting steady state reaction rate is not much higher
compared to the rate at a lower rate constant.
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Figure 3.83: Dependence of the conversion on the concentrations of A and B in
the feed
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Figure 3.84: Dependence of the conversion on the reaction rate constant
130
3 Results and Discussion
Figure 3.85: Dependence of STY on the residence time for different concentra-
tions of A
The residence time has a strong influence on the productivity of the reaction. Within
the range of values that were used in the continuous experiments (1-4 h), only a weak
decrease of the product concentration with decreasing residence time is found. The
overall STY therefore increases due to the higher flow rates (see Figure 3.85). Only for
residence times << 10 min the STY does not increase further due to a decrease of the
conversion (approximates to zero conversion).
A further increase of the residence time to values > 1 h leads to only weak changes
in conversion. This causes a strong decrease of the STY. The negative effect of short
residence times on conversion is only found for low concentrations of A. For cA >
1 mol L−1, almost no decrease of conversion is found since this substrate is present in
excess.
This is in line with the principal characteristics of kinetically controlled reactions.
The STY is small for long residence times due to the small flow rates (in spite of almost
full conversion). In medium regions the increase of flow rate and decrease of conversion
are compensating each other leading to constant or slightly increasing STY. For very
short residence times a decrease of STY is found since the conversion approximates
zero. Within the operation range of the setup (limitation by pumps, sampling etc.) the
flow rate should be chosen as high as possible.
This is in agreement with the results from the continuous experiments. A decrease of
the residence time from 4 to 1 h lead to a significant increase of productivity (approxi-
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mately 4 times higher TOF, see section 3.4.2). However, the experiments did not show
a decrease of conversion for shorter residence times.
This does not correspond to theoretical considerations since a decrease of residence
time never leads to a decrease in conversion. Why this is the case cannot be stated. A
possible explanation is a complex mechanism of catalyst deactivation taking place at
the same time. With the knowledge obtained from the experimental studies concerning
the monophasic reaction kinetics, partitioning and mass transfer, a proper explanation
could not be found to date.
However, based on the simulation studies it can be concluded that the flow rate should
be chosen as high as possible. Due to the high reaction rate, only very short residence
times of a few minutes will lead to a decrease in productivity. In the actual reaction
system, catalyst deactivation is likely to be present. For this case, the simulation might
no longer be valid and the trends could be different, especially if an accumulation of
the product in the catalyst phase is present.
A variation of the single partition coefficients with constant other partition coefficients
showed a decrease of the conversion with an increase of α and β. The effect is weak
and the decrease from 2 to 0.01 leads to a change of 10% in conversion.
This is in line with theoretical considerations. Higher partition coefficients lead to
lower concentrations of these species in the IL phase. This limits the availability of
these components in the reactive phase and leads to a decrease of conversion.
An increase of δ showed no influence. Product D has no influence on the reaction,
neither positive nor negative. Moreover, the conversion is calculated based on C. There-
fore, D does not have any impact.
When the value of γ was increased from 0.01 to 2, an increase of the TOF from 12 to
99 h−1 was found. This positive effect is much stronger than the negative effect found
for α and β (see Figure 3.86).
This effect can be explained by the product inhibition. An increase of γ leads to a
more efficient extraction of this inhibiting product from the reactive phase. Thus, a
lower steady-state concentration of C is obtained leading to higher effective reaction
rates.
The partition behaviour cannot be altered for one solute only. A change can only be
achieved by a change of solvent polarities a will have an effect on all solute partition
coefficients. Therefore, a change of polarity was simulated assuming an increase of
partition coefficient for all four solutes. The ratio between the partition coefficients of
the single components was assumed to be constant at α:β:γ:δ = 1 : 0.04 : 0.11 : 0.23.
As shown before (see section 3.2.1), the ratio is not constant in real systems. However,
a rough estimation should yield important information. The results of the calculation
are shown in Figure 3.87.
The results show that the increase of productivity indeed is mainly governed by the
change in partition coefficient of C leading to an overall increase of the TOF with the
partition coefficients. An increase of the partition coefficients can be achieved by the
use of a more polar organic solvent. This solvent should be able to extract the inhibiting
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Figure 3.86: Dependence of the TOF on the single partition coefficients; results
of the simulation with product inhibition
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Figure 3.88: Dependence of the STY on the partition coefficients, using mea-
sured values of α - δ
product better than the used n-heptane. In this model, the solubility of both the IL
and the catalyst in the organic phase was not taken into account.
When taking the measured values of the partition coefficients for different solvent
combinations, significant differences are found.
In reality, the unwanted solubility of the IL and the catalyst in the organic solvent is
the limiting factor for the applicability of more polar organic solvents for such biphasic
systems. This was shown before for the system IL / dioxane, in which high solubilities
of these components lead to an IL and catalyst leaching and a strong drop in conversion
(see section 3.4.2). So the results shown in Figure 3.88 are not valid for the real system.
After these first investigations concerning the parameter influence in the assumed
model, the most influential parameters were further investigated with respect to cross-
correlation with each other. In order to do so, simultaneous variations of two parameters
were carried out. In general, no significant cross correlations were found. Most of the
parameters were independent of each other. As expected, the influence of the interfacial
area gets stronger when the reaction rate constant is increased. But still the dependence
is almost negligible except for very small interfacial areas. Similar to these observations,
the influence of feed concentration, volume flow rate and partition coefficients get more
pronounced for higher values of the reaction rate constant kR.
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3.5.6 Summary
The simulation of the stationary process performance with a product inhibition by
pMA was based on balance equations for all solutes in both phases. The differential
equations were based on the investigations concerning mass transfer, partition and the
kinetic behaviour of the present system. The iterative solution was achieved by an
implementation in LabView R©. Many simplifications had to be introduced. However,
the comparison to the results of the continuous reaction runs showed that the model
is able to predict trends and the influence of the parameters on the reaction and to
simulate the use of different solvent combinations based on the measured partition
coefficients and mass transfer coefficients described above. The absolute values are not
reliable. However, the results help to optimise and understand the reaction. Thus,
’guided’ experiments can be planned for the most promising process conditions and
additional experimental work can be reduced.
In order to achieve a better congruence of the experimental results and the simulation,
the reaction system should be further investigated since it seems to be more compli-
cated than expected. This could be done based on further spectroscopic investigation
of the catalyst-solvent and catalyst-substrate / -product interactions, e.g. by NMR
measurements. This might lead to a deeper understanding of the catalyst deactivation
process. Moreover, further simulations should incorporate instationarity, since a deac-
tivation was found leading to a change of conversion with time-on-stream. The solution
of the resulting mathematical expressions is difficult and could not be achieved within
the present work. With such a simulation of the instationary state more detailed and
quantitative information would be accessible. But it is questionable, if this benefit is as
large, since the reaction parameters (partition coefficients, rate constants and reaction
orders etc.) have to be measured in all cases.
The presented simulation is in principle applicable to all biphasic catalytic reactions.
In systems without a catalyst deactivation or inhibition, the simulation would also yield
quantitative results. Thus, more detailed studies can be performed if the reaction pa-
rameters are known. This helps to develop continuous reaction systems with a minimum
experimental effort and therefore is time-and cost saving.
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4.1 Conclusion
In the present studies, a model reaction in the biphasic system IL / organic solvent was
investigated aiming for a continuous operation with integrated product separation. As
the basis of the process development a complete characterisation of the reaction system
was performed with respect to partition behaviour of different solutes, mass transport
properties as well as to the characteristic properties of the chemical reaction.
The partition behaviour was mainly governed by the high polarity of the IL phase
compared to the organic solvent phase. This polarity difference led to high concen-
trations of all solutes in the IL. The partition coefficients were always higher for AN
than for pMA. This is beneficial for the reaction but disadvantageous for the product
extraction. Since a product inhibition was present, a high pMA concentration also led
to a slower reaction and therefore was also disadvantageous for the reaction. Higher
values of the partition coefficients could only be achieved by the selection of more polar
solvents. This proved to be disadvantageous in terms of solubility of the IL.
Mass transfer was shown to be slow in the presented biphasic system, mainly due
to the high viscosity of the IL phase. The latter is dependent on the molar fraction of
added solvent and solute, but still, the values are high compared to common solvents,
even when working with highly soluble solvents (toluene, dioxane etc.) or IL with lower
viscosities (predominantly NTf2 based). The mixing time achieved by diffusion is in
most cases > 10 h. Under vigorous stirring (Nitsch cell), the mixing time decreases to
30 min approximately. The mixing efficiency can be improved further by use of mi-
crostructured mixing devices. These were well applicable to the present IL systems and
could cope with the high viscosities. Typical mixing times were in the range of 1 min.
This decrease in mixing time showed a large potential for the use of micromixers for
these solvent systems.
The reaction could be carried out with different catalysts (based on salts of Sc, Cu,
Zn, Y, In, La, Ce, Nd, Sm, Gd, Yb, Hf and Bi) and IL ([BMIm]BF4, [EMIm]NTf2,
[EMIm]EtSO4, [EMIm]OTf, [EMIm]Cl, [BMPyr]NTf2, [O3MN]NTf2 and AmmoEng
100). In studies based on UV-VIS, NMR and IR spectroscopy, it could be shown
that the reaction is mainly governed by a strong inhibition of the catalyst by pMA.
The inhibition lead to an exponential decrease of reaction rate with pMA concentra-
tion. The reaction can be described by a 3rd order kinetic model incorporating a first
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order kinetics in AN, Ac2O and the catalyst (valid for In(OTf)3 as well as for InCl3).
A dependence of the reaction rate on the anions of the catalyst and the IL was found.
Strongly coordinating anions like Cl− and EtSO4
− lead to a complete deactivation of
the catalyst. The use of OTf− as IL anion reduces the reaction rate compared to NTf2
−.
The latter showed the highest activity among the tested IL. The described effects can
be explained by the presence of strong interactions between the catalyst and the solvent
in case of coordinating anions. The interactions have a significant effect on the reaction
rate.
The investigation of the activation parameters of the reaction led to an activation en-
ergy of 42.0 kJ mol−1. This value was comparable to literature data for similar reaction
systems (41-58 kJ mol−1) [29; 41; 63]. Many interesting aspects have been found and
can now be explained, but for a deeper understanding more investigations concerning
the catalyst deactivation should be carried out. This was found with respect to the
acylating agent, which might also have an inhibiting effect on the catalyst.
The reaction could also be carried out in a biphasic system using n-heptane as second
phase. A comparison of different catalysts showed the same trends as in monophasic
reactions using pure IL or IL diluted with dichloromethane. A temperature varia-
tion showed the additional effect of the viscosity on the mass transport in such sys-
tems. Based on these results a CSTR was set up for the continuous FC-Ac of AN in
[EMIm]NTf2 / n-heptane. The operation was possible and showed moderate produc-
tivities and limited stabilities of the catalyst. The results were comparable to literature
data for the continuous FC-Ac in IL / scCO2 [136]. The dependence of the concen-
trations on the residence time was negligible and in all cases maximum conversions of
35% were reached at room temperature and residence times between 1 and 4 h. The
use of dioxane proved to be disadvantageous and lead to a deactivation of the catalyst
and a significant IL leaching. This is not tolerable for a continuous operation. The use
of micromixers to mix the loop reactor did not lead to significant improvements. The
experiments in the loop reactor with micromixers showed an even slower increase of
pMA concentration than with the Nitsch type CSTR.
A deeper understanding of many physical properties and the interconnection between
the single aspects could be achieved. The obtained information could then be integrated
into a process simulation of a continuous biphasic reaction. The simulation showed
that the strongest influence is present for the partition coefficient of pMA. It should be
chosen as high as possible. The STY increased with increasing flow rate. Therefore,
maximum flow rates should be chosen for the continuous experiments. The simulation
does not incorporate the leaching of IL and catalyst in the organic solvent, therefore
the reliability of the simulation with respect to solvent choice is limited.
The simulation is not exact enough for the prediction of quantitative values but
the prediction of trends for a variation of the partition coefficients, flow rates and the
reaction rate constant is possible. This procedure allows a fast parameter screening
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based on the investigations carried out before and leads to faster and more efficient
process optimisation.
The presented studies are the first example in literature up to now for a complete
characterisation of a continuous biphasic reaction system. This example helps to get an
overview over crucial parameters for the reaction and the measures that can be taken
to overcome present limitations.
4.2 Outlook
The understanding of the reaction is not sufficient up to now since many aspects have
not yet been investigated (e.g. the influence of Ac2O on the catalyst and the mech-
anism of the catalyst deactivation). The weak dependence of the conversion on the
residence time in the continuous experiments still cannot be fully explained. Detailed
studies concerning the interactions and coordination properties of the catalyst with the
substrates and the product should be carried out using NMR investigations.
Moreover the simulation of the continuous process is not sufficient for an accurate
description of the observations made in the experiments. A simulation using a profes-
sional modeling software like gProms or MatLab would be the preferred method and
can be based on the observations obtained in further reaction studies described before.
Having established a suitable simulation of the process, the optimisation can be carried
out. A control and validation of the simulation by comparison to experimental results
from guided experiments would be necessary for a further evaluation.
In principle the investigations and the simulation are not restricted to the presented
reaction system. Based on the presented studies, an optimisation of all continuous
biphasic reaction systems is possible. To do so, the present studies can be used as a
guideline for the process development, starting from the characterisation of the partition
behaviour, the mass transport and the kinetics of the reaction leading to the selection
of a suitable reactor. Based on simple characteristic parameters (partition coefficients,
mass transfer coefficients and reaction rate constants), a simulation would then show
if further experimental work is required and what measures the experimentator has to
take to optimise the performance of the reaction (choice of solvents, concentrations and
residence times, use of micromixers etc.).
One possibility is the application of the FC-Ac in IL / scCO2. With the help of
results from these experimental studies a further validation of the presented approach
to continuous biphasic catalysis would be possible.
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5.1 Materials
In the presented work, the following equipment was used:
• Avantes AvaLight Deuterium/Halogen light source
• Avantes AvaSpec 2048 UV-VIS spectrometer equipped with a 13 mm transmission
dip probe with variable path length
• BIOTEK Power Wave HT multiplate reader, wavelength 200-500 nm
• Bruker DPX-300 NMR spectrometer
• Bruker 400 MHz NMR spectrometer
• Bruker 600 MHz NMR spectrometer for reaction monitoring
• Bu¨chi C-660 fraction collector
• Ehrfeld Mikrotechnik BTS cascade mixer (split-and-recombine mixer, 6 stages)
• HNP Microsystems mzr 7205 micro annular gear pump
• HNP Microsystems mzr 7255 micro annular gear pump
• HP 6890 gas chromatograph, equipped with a Varian CP sil 8cb (fused silica, 30 m
x 0.32 mm)
• MMT MDSP3f (type4) syringe pump, equipped with gas-tight syringes from ILS
• Physica MC200 rheometer, equipped with a heating device TEK 600
• Schott 509 07 Ostwald viscosimeter, K=0.354 mm2s−2
• Schott 501 30 Ubbelohde viscosimeter, capillary III, K=0.9874 mm2s−2
• Schott 501 13 Ubbelohde viscosimeter, capillary Ic, K=0.02988 mm2s−2
• Thermo Fischer pipettes (10-100µL, 100-1000µL)
139
5 Experimental Part
• Thermo Fischer 8-channel pipette (1-20µL)
• Thermo Nicolet 380 FT-IR spectrometer, equipped with a 3 mm ATR dip probe
with a diamond prism
5.2 Chemicals
substrates and reactants
• Acetic acid, Riedel-De Hae¨n, p.a. (≥ 99 %)
• Acetic anhydride, Riedel-De Hae¨n, , p.a. (≥ 99 %)
• Anisole, Fluka, p.a. (≥ 99 %)
• p-Methoxyacetophenone, Sigma-Aldrich, p.a. (≥ 99 %)
catalysts
• Bismuth trifluoromethanesulfonate, Sigma-Aldrich, 98%
• Cerum trifluoromethanesulfonate, Sigma-Aldrich, 98%
• Copper trifluoromethanesulfonate, Sigma-Aldrich, 98 %
• Gadolinium trifluoromethanesulfonate, Sigma-Aldrich, p.a. (98%)
• Hafnium trifluoromethanesulfonate, Sigma-Aldrich, p.a. (≥ 99 %)
• Indium chloride, Sigma-Aldrich, 98%
• Indium trifluoromethanesulfonate, Sigma-Aldrich, 98%
• Lanthanum trifluoromethanesulfonate, Sigma-Aldrich, p.a. (≥ 99.999 %)
• Neodymium trifluoromethanesulfonate, Sigma-Aldrich, 98 %
• Scandium trifluoromethanesulfonate, Sigma-Aldrich, p.a. (99 %)
• Samarium trifluoromethanesulfonate, Sigma-Aldrich, 98 %
• Ytterbium trifluoromethanesulfonate, Sigma-Aldrich, p.a. (≥ 99 %)
• Yttrium trifluoromethanesulfonate, Sigma-Aldrich, 98 %
• Zinc trifluoromethanesulfonate, Fluka, p.a. (≥ 98 %)
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solvents
• Acetone-d6, Chemotrade, ≥ 99 %
• Acetonitrile, Fluka, ≥ 99 %
• Chloroform-d3, Chemotrade, ≥ 99 %
• Dichloromethane-d2, Chemotrade, ≥ 99 %
• Dichloromethane, technical quality
• Diethylether, technical quality
• Dimethylsulfoxide, Riedel-De Hae¨n, >99.5%
• Dioxane, technical quality
• Ethyl acetate, Fluka, puriss. p.a. >99.5%
• 1-Heptane, Fluka, purum (≥ 99.0 %)
• 1-Hexane, technical quality
• Methyl-tert. butylether, technical quality
• Tetradecane olefine free, Fluka, puriss. (≥ 99.99 %)
• Tetrahydrofurane, technical quality
• Toluene, technical quality
Ionic Liquids
• [1-Butyl-3-methylimidazolium] tetrafluoroborate, Solvent Innovation, ≥ 98 %, 1800 ppm
H2O
• [1-Butyl-4-methylpyridinium] bis(trifluoromethanesulfonyl)imide, 1000 ppm H2O
• [1-Butyl-4-methylpyridinium] tetrafluoroborate, Solvent Innovation, ≥ 98 %
• [1-Ethyl-3-methylimidazolium] chloride, IoliTec, ≥ 98 %
• [1-Ethyl-3-methylimidazolium] ethylsulfate, 730 ppm H2O
• [1-Ethyl-3-methylimidazolium] trifluoromethanesulfonate, IoliTec, ≥ 98 %, 439 ppm
H2O
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• [1-Ethyl-3-methylimidazolium] bis(trifluoromethanesulfonyl)imide, IoliTec, ≥ 98 %,
40 ppm H2O
• [Trioctyl-methylammonium] bis(trifluoromethanesulfonyl)imide, Solvent Innova-
tion, ≥ 98 %, 890 ppm H2O
• AmmoEng 100 R©, Solvent Innovation, ≥ 98 %, 12000 ppm H2O
Software
• Avantes AvaSoft
• ChemBioDraw Ultra 11.0
• Microsoft Visio 2007
• National Instruments Diadem 10.0
• National Instruments LabView 8.0
• Origin Lab
• Spin Works 2.5
• Thermo Omnic IR software
5.3 Analytical methods
Gas chromatographic analysis
All GC measurements were carried out with the use of an internal standard (tetrade-
cane). For a quantitative analysis, 0.05 mL of a sample were diluted with 1 mL of a
tetradecane - heptane standard solution (1 mass-%). Typically, 1µL was injected by an
autosampler. In a temperature program the GC was heated up to 593 K within 30 h
(333 K, 2 min 373 K, 2 min (10 K min−1) → 573 K, 5 min (50 K min−1) 333 K, 2 min
(50 K min−1) off).
GC-retention times of relevant substances:
• Toluene, n-Heptane: RT = 2-3 min
• Anisole: RT = 5.09 min
• p-Methoxyacetophenone: RT = 10.99 min
• Tetradecane: RT = 11.27 min
The correction factors were 2.0 for AN and 1.8 for pMA. The correction factors showed
no significant dependence on the concentration of the solutes and the mean value was
used for the calculation of the concentrations.
142
5 Experimental Part
NMR analytics
For qualitative analysis the sample was diluted with 0.6 mL of deuterated chloroform.
As internal standard for the calibration of the chemical shift the proton signal of
traces of chloroform was used. For quantitative analysis two drops of undeuterated
dichloromethane were added as internal standard and weighed on a balance. From the
amount of internal standard the absolute amount of the other substances in the sam-
ple could be calculated after normalisation to the number of protons of the respective
signal. The NMR signals were the following:
• Anisole
1H-NMR:
3.85 ppm (s, 3H, CH3), 6.97 ppm (m, 3H, CCHCHCH), 7.32 ppm (m, 2H, CCH).
• p-Methoxyacetophenone
1H-NMR:
2.77 ppm (s, 3H, CH3CO), 4.03 ppm (s, 3H, CH3O), 7.15 ppm (d, J =4.7 Hz, 2H,
CHCCO), 8.19 ppm (d, J =4.7 Hz, 2H, CHCO).
• Acetic anhydride
1H-NMR:
2.17 ppm (s, 6H, CH3CO).
• Acetic acid
1H-NMR:
2.08 ppm (s, 3H, CH3CO), 11.41 ppm (s, 1H, OH).
• Toluene
1H-NMR:
2.40 ppm (s, 3H, CH3), 7.18-7.34 ppm (m, 5H, CH).
• n-Heptane
1H-NMR:
0.88 ppm (t, 6H, CH3), 1.29 ppm (m, 10H, CH2).
• Dichloromethane
1H-NMR:
5.14 ppm (s, 2H, CH2).
• [BMIm]BF4
1H-NMR:
0.93 ppm (t, J =6.8 Hz, 3H, CH3CH2), 1.38 ppm (sextet, J =7.7 Hz, 2H, CH3CH2),
1.91 ppm (quintet, J =7.5 Hz, 2H, CH2CH2CH3), 3.99 ppm (s, 3H, CH3N), 4.22 ppm
(t, J =7.3 Hz, 2H, NCH2), 8.70 ppm (m (br), 2H, CH2N), 8.86 ppm (s (br), 1H,
NCHN).
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• [BMPyr]NTf2
1H-NMR:
0.94 ppm (t, J =7.5 Hz, 3H, CH3CH2), 1.36 ppm (quartet, J =7.5 Hz, 2H, CH2CH3),
1.93 ppm (quintet, J =7.5 Hz, 2H, CCH2CH2), 2.65 ppm (s, 3H, CCH3), 4.48 ppm
(t, J =7.5 Hz, 2H, NCH2), 7.79 ppm (d, J =7.1 Hz, 2H, CH3CCH), 8.60 ppm (d,
J =8.0 Hz, 2H, CH2NCH).
• [EMIm]EtSO4
1H-NMR:
1.16 ppm (t, J =7.2 Hz, 3H, NCH2CH3), 1.44 ppm (t, J =7.5 Hz, 3H, OCH2CH3),
3.90 ppm (s, 3H, NCH3), 3.96 ppm (quartet, J =6.9 Hz, 2H, NCH2CH3), 4.21 ppm
(quartet, J =7.2 Hz, 2H, OCH2CH3), 7.48 ppm (d, J =1.4 Hz, 2H, CHCH), 9.32 ppm
(s, 1H, NCHN).
• [EMIm]NTf2
1H-NMR:
1.49 ppm (t, J =7.5 Hz, 3H, NCH2CH3), 3.87 ppm (s, 3H, NCH3), 4.20 ppm (quar-
tet, J =7.1 Hz, 2H, NCH2CH3), 7.31 ppm (s (br), 2H, CHCH), 8.55 ppm (s, 1H,
NCHN).
• [Oct3MN]NTf2
1H-NMR:
0.79 ppm (t (br), J =6.6 Hz, 9H, CH2CH3), 1.09-1.34 ppm (m, 30H, CH2), 1.54 ppm
(s (br), 6H, NCH2CH2), 2.87 ppm (s, 3H, NCH3), 3.00-3.13 ppm (m, 6H, NCH2).
UV-VIS measurements with a dip probe
For a UV-VIS spectroscopic investigation a white (lamp switched on) and black (in-
terrupted light path) background of the respective pure solvent were taken. For a
monitoring of the chemical reaction, the substrate solution was taken as background.
Thus the absolute absorption change could be followed.
The measurement could be performed in various vessels like GC vials, Schlenk tubes
or round bottom flasks. The path length of the dip probe was held constant at 5 mm
(2.5 mm single pass). The integration time was in most cases set to small values due to
the high extinction coefficients of both AN and pMA. The value of ’average’ (number of
spectra taken to obtain an average signal) was kept high (100) in order to get a smooth
signal. For a quantitative analysis a calibration was performed by variation of the
product concentration and measurement of the height or the integral of the absorption.
UV-VIS measurements in the multiplate reader
For the reaction monitoring in the multiplate reader a multiwell plate from quartz
(Hellma) was used. The reactions were carried out in a row of eight wells of which the
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last well was used as blank. The normal procedure for a reaction run included addition
of the reactant solution (Ac2O) with a multichannel pipette, then shaking to obtain a
well mixed system and finally reading of the plates. The temperature of the setup was
adjusted before the reaction. Since only open vessels could be used, the temperature
was limited to 303 K in order to minimise an evaporation of solvents and substrates.
For reaction monitoring the absorption maxima at 290 nm, 310 nm and 330 nm were
used, respectively. For a quantitative analysis of the reacting system a calibration had
to be done by variation of product concentration and measurement of the height of the
absorption at the corresponding wavelength.
IR measurements
For the IR measurements air was used as reference. Spectra were collected periodically
and could be analysed with respect to the height of the occurring bands. From spectra of
pure components and their mixtures, characteristic wavenumbers for each components
could be found and used for qualitative monitoring of the reaction.
5.4 Investigations of mass transport
Monitoring of mass transport in the unstirred system using GC or NMR analysis
For the investigation of mass transport in unstirred systems from the IL into the organic
phase, a 1 molar solution of the solute in IL (presaturated with the corresponding organic
solvent) was provided in a GC vial. In the case of mixing with stirring, a 2x7 mm
magnetic stirring bar was added. To start the experiment the pure organic solvent was
added carefully in order not to disturb the system and cause an additional convective
mixing. The vial was closed with a screw cap and a polymer sealing. 0.05 mL samples
were withdrawn from the middle of the solvent phase with the help of a 1 mL syringe
and analysed by GC. This analytical method could not be used for the analysis of the
IL phase since the IL cannot be evaporated and would damage the GC column.
For the investigation of the IL phase samples were taken from the IL phase and
analysed by NMR. To investigate the transport from the organic phase into the IL
phase a 1 molar solution of the solute in the solvent was prepared and carefully added
to the saturated IL.
Monitoring of mass transport through the interface in a Nitsch-type stirred tank
reactor
To measure the mass transfer through the interface a vessel with a magnetic stirring
bar for the lower phase and a separate electrical stirrer for the upper phase were used.
As described above, the saturated IL with or without an added solute (1 mol L−1) was
provided. To start the experiment, the pure organic solvent or the solution of the solute
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in the solvent, respectively, was added carefully. Then the stirrers were switched on and
samples were taken from both phases at same distances from the interface and analysed
by quantitative NMR spectroscopy. In order to make sure that mixing is sufficient, one
control experiment was carried out in which two samples were taken at the same time
from the IL phase at different distances from the interface. This experiment showed no
difference in concentration at the different positions in the IL phase. This showed that
the IL phase is well mixed.
Monitoring of mass transport with UV-VIS spectroscopy
Before the measurement was started, the background spectrum was taken. Then the
IL phase was provided in a 10 mL Schlenk tube equipped with a screw cap with bore
hole (13 mm). The transmission dip probe was connected by fibre optics to the UV-VIS
spectrometer and was placed either in the IL phase or above. The diffusion process
was started by addition of the solvent phase. It was essential to prevent bubbles from
entering into the light beam. This would have caused significant changes in absorption.
During the diffusion process spectra were taken automatically.
Measurement of mass transport in micro mixers
The investigations of the mixing in a micro mixer were carried out in the setup shown in
Figure 3.21. Two micro annular gear pumps by HNP Mikrosysteme were used, together
with different mixers (Ehrfeld Mikrotechnik BTS cascade mixer and two simple Y- and
T-shape connectors from Upchurch Scientific) and a 1/16” FEP capillary (1.0 mm ID).
In a typical experiment the IL and the solvent (one of them as a 1 molar solution
of AN or pMA) were provided in two separated containers (10 mL GC vials). The
experiment was started by switching on the two pumps. After a short time (10 residence
times approximately) a sample was collected at the outlet of the capillary, the volume
was measured and the sample was analysed by GC. From the obtained flow rates the
residence time in the mixer (mixer module + capillary behind the mixer) could be
calculated.
5.5 FCA reactions
Monophasic batch reactions with NMR monitoring
In a GC vial 0.03 mmol (2.5 mol-%) catalyst were provided and dissolved in 1 mL IL
and 1.33 mmol AN. The vessel was closed and thermostatted in a thermostat or oil
bath, respectively. The reaction was started by addition of 0.68 mmol Ac2O (50 mol-
%). During the reaction samples were taken and analysed by NMR. In another set of
experiments the reaction was monitored in situ by NMR spectroscopy in a 600 MHz
spectrometer. To do so a mixture of 0.90 mmol AN together with 0.02 mmol catalyst
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(2 mol-%) were dissolved in 0.71 mmol IL and filled with dichloromethane - d2 to 0.6 mL.
The mixture was shimmed and one spectrum was measured with the proton signal of
dichloromethane as reference. The reaction was started by addition of 0.90 mmol Ac2O
and shaking. The reaction was monitored by taking spectra every 5 min. All reactions
were carried out at 293 K.
Monophasic batch reactions with UV-VIS monitoring in multiplate reader
For reactions in the multiplate reader solutions of the substrates and the catalyst were
prepared. The solutions were prepared in 10 mL volumetric flask in order to achieve an
accurate concentration of the substrate solutions. All other volumes were dosed with
the help of pipettes with accurate maximal volumes (10-1000µL). The catalyst was
dissolved in the respective solvent and kept in an ultrasound bath for 30 min in order to
achieve complete dissolution. The AN and catalyst solutions with added solvent were
provided in eight wells of a column of a multiplate. The maximum volume of the wells
was 300µL, therefore a total reaction volume of 200µL was chosen. For the last wells,
which was used as reference, 220µL were provided . The plate was thermostatted in
the multiplate reader. The reaction was started by simultaneous addition of 20µL of
the Ac2O solution to well 1-7 with the help of a multichannel pipette. The change of
absorption was monitored over time, measuring every 2 min.
In the multiplate reader it was not possible to change the path length of the well.
Therefore the concentrations had to be adjusted to a suitable value in order to prevent
too high absorptions. Moreover the time between the collection of two spectra could
not be decreased much, so the concentrations were also adjusted to a value that lead to
measurable absorption-time profiles.
Biphasic batch reactions with NMR monitoring
In a typical reaction 0.066 mmol catalyst were dissolved in 2 mL IL, saturated with the
corresponding solvent. Then a solution of 2.66 mmol AN and 1.34 mmol Ac2O in 2 mL
solvent were added carefully. Samples were drawn from the organic phase during the
reaction and analysed by GC.
For the comparison of different catalysts 0.05 mmol catalyst were dissolved in 2mL IL
together with 2 mL solvent and 1 mmol AN. The reaction was then started by addition
of 0.5 mmol Ac2O and shaking for 10 s. The reaction monitoring was done similar to
the experiments described above.
Biphasic batch reactions with simultaneous NMR and GC monitoring in the
Nitsch-type cell
In a typical reaction 0.125 mmol catalyst were dissolved in 5 mL IL, saturated with the
corresponding solvent. 4 mL of this solution were provided in the Nitsch-type cell. Then
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5.0 mmol AN and 2.5 mmol Ac2O were added and the IL was shaken for 30 seconds. n-
heptane was added and the monitoring process was started by taking samples from both
phases and analysing them by either NMR (IL phase) or GC analytics (organic phase).
With this setup, the reaction at different temperatures was investigated by setting the
temperature of the external thermostat.
Biphasic continuous reactions in the CSTR
0.13 mmol catalyst were dissolved in 5 mL IL, saturated with the corresponding or-
ganic solvent. 4 mL of this solution were provided in the 10 mL vessel, equipped with
magnetic stirring bars for both phases (see Figure 3.14). 4 mL of the organic solvent
were added and the system was temperated with the help of a thermostat. A solution
of AN (1 mol L−1) and Ac2O (100 or 10 mol-% with respect to AN) in the respective
organic solvent was prepared and placed as reservoir next to the dosage pump. The
reaction was started by starting the dosage of the substrate solution. The organic phase
was continuously pumped out of the reactor (see Figure 3.67), collected and analysed
quantitatively by GC.
Biphasic continuous reactions in loop reactor with micro mixers
0.13 mmol catalyst were dissolved in 10 mL IL, saturated with the corresponding organic
solvent, and were provided in the settler (polymer tube) of the setup (see Figure 3.67).
The pump for the IL phase was started and organic solvent was added until the 10 mL
level in the settler was reached again. AN (1 mol L−1) and Ac2O (50 or 10 mol-% with
respect to AN) were dissolved in the organic solvent and placed as reservoir next to the
dosage pump. The reaction was started by starting the dosage of the substrate solu-
tion. Both phases were continuously circulated by the pumps through the micromixer
keeping the flows of both phases similar and the overall circulating flow at least 10 times
higher than the dosage flow of substrate solution. The organic phase was continuously
pumped out of the reactor (see Figure 3.75), collected and analysed quantitatively by
GC analysis.
5.6 Further measurements
Measurement of partition coefficients with GC and NMR
In 1 mL GC vials equipped with rubber sealings and caps the solute was provided and
then dissolved in 0.5 mL of each organic solvent and IL (presaturated with organic sol-
vent). The mixtures were shaken vigorously and then equilibrated at room temperature
for 72 h. Then 0.05 mL samples of the solvent phase were taken, diluted with standard
solution (n-heptane with tetradecane) and analysed by GC. To exclude the evaporation
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of solvents or substrates, the vials were weighed on a microbalance before and after the
equilibration time.
Measurement of pressure drop in micro mixers
The setup for the measurement of the pressure drop is shown in Figure 3.30. In a typical
experiment the pump was started at a certain flow rate and the liquid was constantly
recirculated (position 1 of the valve). At this stage the pressure drop was measured. To
perform the measurement of the flow rate the valve was switched to position 2 and a
sample was collected. From the volume of the collected sample the volume flow rates
could be calculated. Before starting an experiment with a new liquid the setup was
cleaned by pumping some of the new liquid through the setup. For the analysis of the
data it can be assumed that the pressure drop and the flow rates are similar for both
positions of the sampling valve. This is valid since the capillary leading back to the
Schlenck tube and the capillary leading to the sampling had the same length and ID.
Measurement of viscosity of IL / solvent mixtures
For the measurement of the viscosities different viscosimeters were used:
• Schott Ubbelohde viscosimeter, 25 mL, K = 0.9874 mm2 s−2
• Schott Ubbelohde viscosimeter, 25 mL, K = 0.02988 mm2 s−2
• Schott Ostwald viscosimeter, 3 mL, K = 0.354 mm2 s−2
The latter was calibrated prior to usage with the help of an IL with known viscosity.
This viscosity had been determined before with one of the other viscosimeters. All
measurements were performed at room temperature (with exact temperature measure-
ment before each viscosimetric measurement). For a measurement, the pure IL was first
investigated in the viscosimeter. Then stepwise, portions of solvent were added into the
viscosimeter and weighed to calculate the molar fraction of the solvent assuming ad-
ditive volumes of both phases. For the measurement in the Ostwald viscosimeter, the
IL was removed and mixed in a second vessel with portions of solvent. The resulting
solution was then put back into the viscosimeter and analysed. All measurements were
repeated 5 times. The content of organic solvent in the saturated IL were measured
with the help of quantitative NMR spectroscopy.
Further measurements were performed in a Physica cone-plate Rheometer. For the
measurement 2.0 mL of the liquid (pure or saturated IL) were put onto the plate and
were thermostatted to 298.7 K.
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Measurement of density of IL / solute / solvent mixtures
The density of mixtures containing IL and organic solvents or solutes was determined
gravimetrically. With a 200µL pipette samples were taken from the mixture and
weighed on a microbalance (± 0.00005 g). The measurements were repeated 20 to
30 times to minimise the error of the volumetric dosage. The mixtures were produced
volumetrically by using pipettes, assuming additive volumes of the two phases.
Measurement of the volume expansion in the system solute / [EMIm]NTf2 /
n-heptane
In an NMR tube, 0.3 mL n-heptane and 0.3 ml [EMIm]NTf2, saturated with n-heptane,
were provided. Stepwise, portions of a solute were added and the system was mixed
by shaking. After the separation of the two phases was complete, the volume was
determined measuring the the length of each phase. The relative volume expansion was
introduced as deviation from the initial 1:1 phase volume ratio.
Investigation of the biphasic flow IL / organic solvent
In order to investigate the characteristics of the biphasic flow IL / organic solvent the
setup shown in Figure 3.21 was used. The focus of the studies of biphasic flow lay on
the shape of the flow pattern (radial and axial size, uniformity and size distribution),
the stability of the slugs as well as the influence of flow rate and the mixer type on
those characteristics. For a characterisation photos were taken at different flow rates
and analysed with respect to these factors.
Simulation of the CSTR
For the steady state calculations the values of the varied parameters were prepared
for the automatic calculation as an Excel sheet. In these calculations the steady-state
concentrations were saved by applying the criterion shown in equation (5.1) and (3.2).
if |X−1 −X| ≤ 10−6 → save (5.1)
if |X−1 −X| > 10−6 → further iteration (5.2)
Here, X is the conversion after the actual iteration step, X−1 is the conversion after
the last iteration step. For common calculations, a variation of one parameter was done
with 100 values for cross-correlation studies and 200 values for single variation studies.
In order to make these data readable for the program, the file was saved in the .txt
format. Then a file was prepared for the automated saving of the results in the same
.txt format. After the definition of the correct paths in the program, the calculation
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could be started and ran automatically. A common calculation with 2000 rows (10
parameters, 200 values) took approximately 45 min.
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differential equations
As described above (see section 3.5.3), the change of concentration of A over time can
be described by differential equation (6.1). The following variables are used.
dcA,org
dt
=
V˙
Vorg
cA,0 − V˙
Vorg
cA,org − kA a (cA,org
α
− cA,IL) (6.1)
• dcA,org: concentration of A in the organic phase [mol L−1]
• V˙ : volume flow rate of feed and product stream [L h−1]
• Vorg: volume of the organic phase [L]
• kA: mass transfer coefficient of A [dm h−1]
• a: specific interfacial area = A
V
, with the interfacial area A [dm−1]
• α: partition coefficient of A [-]
• cA,IL: concentration of A in the IL phase [mol L−1]
In order to obtain the integral values for the concentration (i.e. cA as function of res-
idence time τ), the presented differential equation must be integrated mathematically.
In equation (6.1) the variables can be separated according to (6.2).
dcA,org
V˙
Vorg
cA,0 − V˙Vorg cA,org − kA a (
cA,org
α
− cA,IL)
= dt (6.2)
The separation of cA,org and the other terms yields equation (6.3)
dcA,org
− V˙
Vorg
cA,org − kAaα cA,org + V˙Vorg cA,0 + kAacA,IL
= dt (6.3)
and
dcA,org
cA,org(− V˙Vorg − kAaα ) + [ V˙Vorg cA,0 + kAacA,IL]
= dt (6.4)
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The left-hand side of the denominator is dependent on the variable cA,org, whereas
the right-hand side (in brackets) is independent of cA,org. So, the equation corresponds
to a differential equation of the general form
1
ax+ b
dx = dt (6.5)
with the following simplifications:
• a = (− V˙
Vorg
− kAa
α
)
• b = [ V˙
Vorg
cA,0 + kAacA,IL]
• x = cA,org
Equation (6.5) can be integrated as follows.∫
1
ax+ b
dx =
log(b+ ax)
a
+ const| (6.6)
The integration constant can neglected in our case since the simulation is used for
the calculation of the steady state concentrations and the integration constant adds up
to 0 under these conditions. Once again separating the variables, one obtains (6.7).
log(b+ ax)
a
| = τ (6.7)
⇔ log(b+ ax)
a
− log(b+ ax−1)
a
= τ (6.8)
⇔ 1
a
log
b+ ax
b+ ax−1
= τ (6.9)
⇔ log b+ ax
b+ ax−1
= aτ (6.10)
This equation can be converted into (6.11)
b+ ax
b+ ax−1
= eaτ (6.11)
Once again a separation of the variables is carried out yielding (6.12)
b+ ax = (b+ ax−1)eaτ (6.12)
⇔ ax = (b+ ax−1)eaτ − b (6.13)
⇔ x = (b+ ax−1)e
aτ − b
a
(6.14)
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This simplified equation can now be converted into the actual equation describing
the concentration of A depending on the residence time τ (see (6.15)) applying the
definitions of the variables a, b and c.
cA,org =
[(− V˙
Vorg
− kAa
α
)cA,org,−1 + ( V˙Vorg cA,0 + kAacA,IL)]e
(− V˙
Vorg
− kAa
α
)τ − [ V˙
Vorg
cA,0 + kAacA,IL]
(− V˙
Vorg
− kAa
α
)
(6.15)
This equation can now be used for the calculation of the concentration of A. The
calculation of the other concentrations cB,org, cC,org, cD,org, cA,IL, cB,IL, cC,IL and cD,IL
is carried out in a similar way by use of equation (6.6). The resulting equations were
already presented before (see section 3.5.3).
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